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 Abstract 
 
This thesis investigates coordination of the lower limb joints within the limb during 
walking.  The researcher was motivated by her clinical experience as a paediatric 
physiotherapist.  She observed that the pattern of lower limb coordination differed between 
normal children and those with cerebral palsy.  Many of the currently used interventions 
did not appear to influence this patterning.  As a precursor to evaluating the effectiveness 
of treatments in modifying coordination, a tool to measure coordination was required.  The 
researcher initially investigated qualitative and then quantitative methods of measuring 
within limb coordination.  A technique was developed that used relative angular velocity of 
two joints to determine when joints were in-phase, antiphasic or in stasis.  The phasic 
parameters of hip/knee, knee/ankle and hip/ankle joints coordination were quantified. 
There were some significant differences between normal children and children with 
cerebral palsy.  Asymmetry of these phasic parameters was identified, with children with 
cerebral palsy being more asymmetrical than normal children.  The clinical utility of this 
technique was tested by comparing 2 groups of children before and after 2 surgical 
procedures.  This showed some significant differences in phasic parameters between pre 
and post-operative data for one procedure.  Low samples sizes mean that further work is 
required to confirm these findings.  Data from this work has been used to calculate sample 
sizes to give an a priori power of 0.8 and further research is proposed and potential 
applications discussed.  It is hoped that this technique will raise awareness of abnormal 
intra-limb coordination and allow therapists to identify key interactions between joints that 
need to be facilitated during walking training. 
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When you can measure what you are speaking about and express it in numbers, you know 
something about it. Lecture to the Institution of Civil Engineers, 3 May 1883 Lord Kelvin 
 
 
 
For we know in part, and we prophesy in part, but when that which is perfect is come then 
that which is in part shall be done away 1 Corinthians 13,v 9-10 
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 Chapter 1  An introduction to lower limb coordination in walking 
 
1.1 Introduction 
Over a long period of clinical experience as a paediatric physiotherapist the research 
student has noticed that children with cerebral palsy (CP) have patterns of lower limb 
movement that once established appear to change little despite much effort on the part of 
these children, their parents and therapists.  Some children who spend much of their early 
childhood learning to walk are unable to retain this ability beyond adolescence.  Current 
thinking suggests that adverse biomechanical factors are responsible for this loss of ability.  
Graham and Selber (2003) reviewed the musculo-skeletal aspects of cerebral palsy, 
reporting that although the brain lesion is non-progressive the musculoskeletal pathology is 
progressive with contractures developing during childhood.  Tardieu et al. (1988) studied 
normal children and those with cerebral palsy to determine how long a muscle needed to be 
stretched each day to prevent contracture development.  They observed that contractures 
progressed when the duration of stretch was less than the six hours seen in normal children.  
Koh and Hertoz (1998) have shown (in rabbits) that sarcomerogenesis was increased when 
joint excursion is increased and more recently, Butterfield et al. (2005) used rats to show 
that muscles working in a lengthened position increased sarcomeres in series whereas 
working muscles in a shortened position reduced sarcomeres in series in growing animals.  
Children with cerebral palsy often use reduced joint excursions, compared to normal 
children, during gait (Johnson et al. 1997).  Hof (2001) has indicated that growth in 
children with cerebral palsy leads to the development of joint contractures.  This in turn 
prevents the optimal positioning of joints for efficient movement.  He considers that the 
development of these contractures is in part due to the lack of normal musculo-skeletal 
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 activity producing movement during activities of daily living that would normally stretch 
muscle and stimulate growth.   
 
The researcher therefore suggests that the pattern of lower limb coordination used during 
normal walking influences growth and thus coordination problems caused by imperfect 
control mechanisms in the injured brain of the child with cerebral palsy will therefore 
contribute to joint contracture development.  These events usually precipitate the 
downward spiral of walking regression, especially if cybernetic redundancy is reduced due 
to spasticity, poor movement or other features of upper motor neurone syndrome.   
 
1.2 Lower limb coordination during walking 
Many authors describe the normal gait of adults including Perry (1992); Rose and Gamble 
(2005), Kirtley (2005) and Whittle (2006). Typically gait is considered in terms of speed 
(metres per second) or velocity (speed with direction).  Cadence is the number of steps per 
minute.  Step length is the distance from the heel of the rear foot to the heel of the front 
foot.  Stride length is the distance from the heel at initial contact to the position of the same 
heel at the next initial contact. 
Walking is a cyclic activity and is divided into gait cycles.  A single gait cycle starts with 
initial contact of the foot with the floor and ends when the same foot makes ground contact 
again.  The gait cycle is divided into stance phase and swing phase. Stance phase has 2 
periods of double support when both feet are in ground contact and one period of single 
support when one foot is in ground contact. 
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 The gait cycle is described by events: 
• Initial contact is the point at the start of the gait cycle when the foot makes contact 
with the ground. 
• Loading response is the phase when the weight is taken onto the front limb and is 
complete at other toe off. 
• Midstance is when the when the pelvis is above the foot and the contra-lateral limb 
is passing the stance limb. 
• Terminal stance is when the hip and knee extend so that the trunk is in advance of 
the foot and the contra-lateral limb is in terminal swing. 
• In Pre-swing the heel rises and the hip flexes to produce knee flexion.  The contra-
lateral limb foot has made ground contact. 
• Swing phase gives limb advance and can be subdivided into initial or early swing, 
mid-swing and terminal swing. 
In the following illustrations the subject’s head has been cropped to maintain anonymity. 
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Initial contact (Figure 1.1) is the point at the start of 
the gait cycle when the foot makes ground contact. 
The hip is flexed, the knee is extended (or a little 
flexed) and the ankle dorsiflexed.  The ankle then 
plantarflexes to bring the whole foot into ground 
contact.  
 
 
 
  
 
Figure 1.1 Right initial contact 
Loading response (Figure 1.2) is when the 
weight is taken onto the front limb; the knee 
flexes and the ankle dorsiflexes with the hip 
is starting to extend from its flexed position. 
The knee and ankle joints are moving in the 
same direction but the hip in the opposite 
direction.   
 
 
 Figure 1.2 Right loading response 
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By mid-stance (Figure 1.3) the hip and knee 
are partially extended and the ankle in some 
dorsiflexion.  This is achieved by extension 
of the hip and knee whilst the ankle 
continues to dorsiflex. 
 
 
Figure 1.3 Right mid-stance 
 
 
In terminal stance (Figure 1.4) the hip and 
knee are extended and the ankle is in a 
neutral position as the hip and knee have 
continued extending during stance. 
Although the heel raises from the floor this 
is initially due to the maintenance of the 
ankle angle with inclination of the shank. 
 
Figure 1.4 Right terminal stance 
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 In pre-swing (Figure 1.5) the ankle plantarflexes to 
raise the heel further.  The hip then starts to flex and 
the couple produced by these two actions causes the 
knee to bend; thus the hip and knee are flexing with 
ankle plantarflexion. 
 
 
 
 
 Figure 1.5 Right pre-swing 
 
By mid swing (Figure 1.6) the knee is flexed to some 
60° and the ankle is dosiflexed.  The knee flexion is 
produced by the acceleration of the thigh and the inertia 
of the lower leg.  During mid-swing there is 
synchronous hip and knee flexion with ankle 
dorsiflexion. 
 
In terminal swing, however, there is decoupling of this 
synchrony with the hip flexing and knee extending with 
ankle dorsiflexion. 
It can be seen that during the gait cycle the lower limb 
joints are sometimes moving in the same direction whilst at others they are moving in 
opposite directions.  This contrasts with the coordination patterns displayed in infant 
stepping and in early independent walking. 
Figure 1.6 Right mid-swing 
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1.3 Early independent walking 
 
 
Figure 1.7 Early independent walking 
 
If an early independent walker is considered (the infant illustrated had first stepped 
independently 10 days prior to this data’s collection) the differences in coordination 
become apparent.  In this early independent walker, as viewed from the right, it can be seen 
that initial contact is with the forefoot and the hip slightly flexed and knee extended. In the 
next frame the heel has been lowered and the knee and hip extended (i.e. No loading 
response with knee flexion was observed).  In terminal stance ( 3rd frame from the right) 
the hip and knee extension are incomplete and ankle appears to be in a neutral position.  It 
was not possible to indentify an instant when the ankle was plantarflexed, hip extended and 
the knee flexing prior to toe off.  As the limb moves into swing phase initially the hip and 
knee are flexing with ankle plantarflexed (this appeared to be due to lack of ankle 
dorsiflexor activity rather than due to plantarflexor activity).  By mid-swing (Frame 5 from 
the right) the ankle is dorsiflexing.  As the limb moves to late swing the hip and knee have 
partially extended and the ankle has plantarflexed.  It seems that from mid-swing to 
terminal stance the hip and knee joints are extending but from toe-off to mid-swing they 
are flexing. 
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 1.4 Thesis overview 
In the previous sections the contrasts in coordination between the adult and infant have 
been illustrated.  Some therapists treating children with cerebral palsy attempt to teach 
normal mature walking.  They use a number of techniques and walking aids (Levitt, 1982 
and Scrutton et al. 2004).  The researcher thinks that currently physiotherapists do not 
often focus on developing lower limb coordination when planning their treatments.  This 
researcher has felt, for some 20 years, that this fails to acknowledge that in normal 
development changes occur in intra limb coordination in the transition from immature to 
mature gait (Forssberg, 1985).  Walking has been described and measured by a number of 
researchers (Sutherland et al. 1988, Perry 1992), however, there appears to be very little in 
the literature that specifically explores the intra-limb coordination in normal children or in 
children with cerebral palsy.  
 
The research questions are therefore: 
What is known about the development of walking in normal children and children with 
cerebral palsy? 
How can lower limb intra-limb coordination in walking be described and measured in 
normal children, in a way that identifies differences between normal and CP children and 
has clinical utility in measuring differences before and after intervention? 
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 Chapter 2  Literature review 
 
Following on from the researcher’s observations about the differences in development of 
walking in normal children and children with cerebral palsy the literature has been 
reviewed to explore current knowledge of topics relevant to the study of these differences 
in coordination.  These topics included the development of mature gait in normal children 
and in children with cerebral palsy especially any information about intra-limb 
coordination (i.e. the coordination between the joints in the same limb).  Many children 
with cerebral palsy are treated by physiotherapists who help them to learn to walk, 
sometimes using walking aids.  From work ongoing in the researcher’s unit (Stallard et al. 
1996), the researcher has observed the effects on coordination of different walking 
systems, and so the literature on gait training and the use of walking aids for children with 
cerebral palsy was included, since these sources included information on lower limb 
coordination.  Methods to measure motor function and gait were also reviewed so the 
potential of current methods could be considered for the researcher’s purpose of describing 
and measuring intra-limb coordination in normal children and children with cerebral palsy. 
 
2.1  Method 
The researcher became familiar with the early work in developing goniometers (Nicol, 
1989) and 3 dimensional measurement systems (Kadaba et al. 1989) whilst developing 
skills in clinical gait analysis.  She was also familiar with the work of Russell et al. 1989 
who developed the gross motor function measure (GMFM).  During the early stages of this 
work, a literature review (MEDLINE, RECAL), of walking development in normal 
children and those with cerebral palsy was published by the researcher (Farmer, 2003).  
The researcher proposed, to those involved with research and treatment of children with 
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 cerebral palsy, that there was a need to develop tools to describe and quantify intra-limb 
coordination.  This was because the literature reports regression in walking ability with age 
and the researcher suggested that this might in part be due to the lack of normal intra-limb 
coordination seen in children with cerebral palsy.  This idea appears to be slowly gaining 
acceptance.  (Desloosvere et al. 2006; Begnoche and Pitetti, 2007) 
 
More recently, after this publication and the subsequent data collection, further searches on 
line using Pub Med and Google Advanced Scholar were made to permit revision of this 
original literature review.  Key words used were child/ren, cerebral palsy, walking 
prognosis, walking development, walking aids, gait, gait analysis, lower limb coordination, 
intra-limb coordination, relative phase and symmetry.  The researcher also identified other 
researchers whose work had been referenced in her paper and checked for further 
publications by these authors. 
 
The titles and abstracts were reviewed to determine if the paper might contain useful 
information relating to development of walking, relevant measurement techniques and gait 
training in cerebral palsy. Full copies were obtained of these 146 references (papers and 
book chapters) selected by researcher. 
 
The findings from this exercise are reported in the current chapter.  There are sections on 
normal development, motor development in children with cerebral palsy and therapeutic 
approaches to gait training.  The latter were explored as the researcher, over her 
professional life, has observed the persistence of the ‘primitive stepping reflex’ in children 
with cerebral palsy.  This has also been observed by Jenkinson who showed video and 3 
dimensional gait data of primitive stepping in her Baumann Lecture, (2007) entitled, ‘The 
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 influence of head and trunk control on gait patterns of children with cerebral palsy’.  She 
highlighted the persistence of primitive stepping even after surgical and therapeutic 
interventions. 
 
In addition to revising the material from the original literature review, a final section on 
methods of describing and measuring movement has been included. This has provided 
some guidance as to methods suitable for describing and quantifying lower limb intra-limb 
coordination.  It has also demonstrated the paucity of information about intra-limb 
coordination in normal children and the deviations from normal seen in the gait of children 
with cerebral palsy. 
 
To assist the reader the researcher has summarized key factors at the end of sections and  
has critically commented at the end of some sections to provide links to the main themes of 
this work.  
 
2.2 Neurophysiology and motor development 
Normal walking is achieved with the maturation of an intact neuromuscular system.  The 
presence in humans of neural networks which produce cyclic patterns is discussed by 
researchers (Duysens and Van de Crommert, 1998).  They conclude, that although there is 
no direct evidence (as there is in animal model experiments) for the presence of central 
programme generators in the human spinal cord, that recent research observations 
especially in subjects with spinal cord lesions supports this notion.  Yang et al. (2004) 
consider that infant stepping provides a window to observe the behaviour of human 
locomotor generators.  They note that descending motor tracts are extremely immature at 
birth and that myelin does not attain adult appearance until the child is 2 years.  In early 
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 infancy any locomotor activity is thus mainly controlled by spinal circuits.  Stepping can 
be stimulated in neonates by sensory input (Brown et al. 1997). This can simply be a 
contact with a support surface but experimentally the use of a treadmill (Lamb and Yang 
2000; Brown et al. 1997) or visual flow (Barbu-Roth et al.  2005) can increase stimulation 
and lower limb motion.  These locomotor pattern generators produce synchronous hip, 
knee and ankle flexion and extension.   
 
Children with cerebral palsy usually have neurological abnormality whether it be 
periventricular haemorrhage or leucomalacia (Trounce et al. 1988; Hadders-Algra et al. 
1999) or migrational abnormalities (Barth 2003).  Although Brown et al. (1997) indicate 
that there is not always a definite correlation between function and myelination (which 
mediates conduction of signals along the nerve) they note that peripheral myelination is 
incomplete at birth in normal infants.  Proximal pathways become myelinated before distal 
pathways. Other researchers (Crawford and Hobbs 1992) suggest that there may be a 
deficiency in a trophic factor in premature infants so that more distal neurones fail to 
become established and may even die back.  They suggest that this may contribute to the 
neuromuscular symptoms of diplegic cerebral palsy due to prematurity.  Neural pathways 
become established when stimulated by activity which strengthens functioning nerves 
whereas there is apoptosis (cell death) of unused nerves and connections.  The inference 
being that, in addition to brain damage, impaired myelination may further compromise the 
conduction of signals from the motor cortex via the spinal tracts to the motor nerves.  
Harrison (1988) suggests that immature spinal pathways and abnormal peripheral circuits 
may be a factor in functional difficulties in cerebral palsy while Lin (2000) comments that 
arrested developmental physiology could explain some of the symptoms of the disordered 
motor control seen in cerebral palsy.  
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 2.2.1 Comment  
Central pattern generators are thought to be present in humans.  This is important in the 
context of this thesis, as the researcher feels that these early movement patterns normally 
become superceded to produce a mature gait pattern but lack of neurological development 
in some children with cerebral palsy may lead to the retention of these ‘primitive patterns’ 
of synchronous intra-limb flexion and extension in the lower limbs. 
 
2.3 Normal motor development 
2.3.1 Foetal and neonatal movement 
Foetal movements in utero start at 7 to 7.5 weeks with slow neck extension.  Shortly after 
this startling and general movements occur which involve phasic limb movements.  From 9 
weeks the variety of movements increases with the infant able to move one limb in 
isolation and to move arms and legs simultaneously.  Few new movement patterns emerge 
in the second half of pregnancy (Prechtl 1997).  The general movements seen in the foetus 
persist after birth for the first 8-10 weeks in the normal term infant.  These are considered 
to be self or body-orientated movements.  As the infant emerges from the neonatal period 
the infant is able to control its head position within the gravitational environment.   
 
2.3.2 Infant stepping 
At the age when these general movements are still observed - if the infant is suspended 
over a support surface - the infant steps.  Forssberg (1985) described infant stepping as 
having a general flexion bias. Synchronous hip and knee flexion occurs at end stance and 
early swing; this is followed by hip and knee extension in late swing and early stance.  An 
initial forceful flexion brings the thigh to the horizontal and the foot to maximum height 
from the ground.  Then the leg is rotated backwards to regain foot ground contact, the heel 
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 and toes are lowered to, and elevated from the ground, simultaneously. Step length is short 
and there is little evidence of forward propulsion in late stance. 
 
Infants, under 2 months, support less than 50-60% of their body weight on one limb with 
the peak vertical force occurring at mid-stance. (Forrsberg 1985)  After 2 months most 
infants no longer display this reflex stepping when supported in the vertical position.  
There follows a period without active stepping for 4-8 months.  During this period, when 
in supine, infants move their lower limbs often against gravity with synchronous 
movements into hip flexion and knee extension. 
 
Thelen et al. (2002) explored the relationship between growth and the stepping reflex by 
studying infants at 2, 4 and 6 weeks of age.  Those infants who had gained most weight at 
6 weeks stepped least.  The mean weight gain of lower limbs between weeks 4 and 6 was 
added to the lower limbs of 4 week old infants.  These infants had a reduced number and 
amplitude of steps in the weighted condition compared to the non-weighted condition.  A 
further experiment found that infants, when supported in water, showed step numbers and 
amplitude increasing in water ‘walking’ compared to dry land.  The authors conclude that 
rate of stepping is limited by muscle strength and that the disappearance of infant stepping 
is due to the increase in leg weight, which outstrips increases in muscle strength rather than 
any neurological factors. 
 
Zelazo (1983) found that infants who were stimulated to and produced a stepping action 
did not loose the stepping reflex.  He reported observations in the region of  ‘Super’ (in 
Kenya) where mothers deliberately play with their infants supported in an upright posture 
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 and found that 86% of infants tested monthly retained a reflexive stepping pattern.  Yang et 
al. (1998) report that stepping can be sustained with brief daily practise. 
 
In summary, infant stepping is characterized by synchronous hip, knee and ankle flexion 
followed by synchronous hip, knee and ankle extension.  This persists for 2 months after 
birth and usually appears to diminish when limb weight increases more quickly than leg 
muscle strength.  Reflexive stepping can, however, be retained if stimulated. 
 
2.3.3 Supported locomotion 
At 6-8 months crawling and supported locomotion emerge. When crawling the hip and 
knees are flexed, working in mid range, with synergy between ipsi-lateral hip and knee 
joints and with inter limb reciprocation.  Weight is taken through the hands and lower legs. 
 
Forssberg, (1985) noted that in supported locomotion step frequency is more regular than 
infant stepping seen in the first 2 months.  The relative hyperflexion of hip and knee is 
reduced and synchronous joint movement less marked.  Mature intra-limb coordination is 
emerging with disassociation of knee and hip joint motion.  The knee flexes more rapidly 
than the hip in pre-swing and extends whilst the hip is flexing at the end of swing. After 
foot ground contact there is a small knee flexion wave.  None of the infants observed made 
initial contact with a heel strike: heel and toes lifted simultaneously and lowered together.  
Only 3 of the 156 children studied by Forssberg (1985) walked on toes with heels elevated.  
All children could produce a vertical force exceeding body weight, and could produce 
forward or backward thrusts. 
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 In summary, during supported locomotion, from 6-8 months onwards, the tightly 
synchronized intra-limb co-ordination seen with infant stepping begins to dissociate. 
 
2.3.4 Early independent locomotion 
Forssberg (1985) studied just 4 early independent walkers noting that movement and 
electromyography (EMG) patterns did not change to any significant extent from that 
observed in supported locomotion. 
 
Clark et al.  (1988) studied infants in the early stages of walking and compared them with 
adults.  Temporal and distance phasing were studied; temporal phasing is the proportional 
relationship between one limb’s cycle to the other limb’s cycle start and is normally 50%.  
Distance phasing is the proportional distance of a single step within a stride.  Variability in 
the temporal and distance phasing was evident in early walking and reduced with age and 
in early walkers when they were supported.   
 
This shows that variability diminishes with maturity but also indicates that support can 
reduce variability; thus the researcher considers that support may have therapeutic benefit 
by reducing variability when practising lower limb stepping. 
 
Thelen and Whitley Cooke (1987) studied 18 normal infants for kinematic and 
electromyographical characteristics in supine kicking and upright stepping.  At 1 month 
there was a high degree of synchronisation between hip, knee and ankle joint movements 
with high positive correlations.  This contrasts with the dissociation between ankle and 
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 knee with a negative correlation of 0.799 in adult walking at toe off.  At 2 months, before 
walking, just 33% of infants showed zero or negative correlation; but this dissociation rose 
to 83% of infants at walking.  Association between hip and knee is retained for longer, but 
in mature gait hip flexion lags behind knee flexion, so that peak knee flexion is reached 
before peak hip flexion. 
This work concurs with the work of Forrsberg (1985), also observing synchronous hip, 
knee and ankle motion in the neonatal period and the dissociation occurring as walking 
skills emerge. 
 
In further work Clark et al. (1993) describe intra-limb coordination using phase portraits.  
A phase portrait is created by plotting the joint angle against the angular velocity of that 
joint.  The phase angle can be calculated making it possible to compare segmental reversals 
(the time when the joint motion changes direction, e.g. from flexion to extension). This can 
be used to describe the relative motion between thigh and shank or between different 
occasions.  The authors were able to show that the thigh forward /backward reversal timing 
reaches adult values at 3 months walking.  They suggest that gait can be characterized by 
using phase portraits of thigh and shank segments. 
 
Contrasts between synergistic joint action in infancy with the asynchronous joint action of 
adults are noted.  Phase portraits plot the joint angle against joint velocity to describe the 
phasic activity of a joint.  Phase angles can be derived and used to compare segmental 
motion. 
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 2.3.5 Gait maturation 
Early walking development has been studied by Burnett and Johnson (1971); Sutherland et 
al. (1980); Cioni et al.  (1993); Grimshaw et al.  (1998); Yaguramaki and Kimura  (2002) 
and Hallemans et al.  (2005).  Burnett and Johnson  (1971) studied early walking 
development by observing motor development of 28 children who sat unsupported at 6.25 
(4.5-9.5) months, crawled at 7 (4.5-14) months, crept at 8.5 (5-14.5) months, cruised at 10 
(7-11.5) months and walked independently 12.5 (9-17) months.   
The changes in gait pattern after independent walking are shown in the table below. 
 
 
 
Age Weeks after 
independent 
locomotion 
 
Range Average Range Average 
Pelvic tilt 9.3-17.8 13.4 -9-+15 3 
Pelvic Rotation 9.3-19.3 13.8 -9-+23 4 
Flexion mid-stance 9.8-23.5 16.3 1-35 15 
Heel strike  10.8-29.0 18.5 3-50 22.5 
Mature foot and Knee mechanism 11.5-23.5 19.5 8-55 27 
Mature base 13.8-22 17 5-43 17.5 
Synchronous arm movement 13.8-25 18 6-43 22 
 
Table 2.1 Early walking development reported by Burnett and Johnson (1971). 
The base of support (distance between the feet in the coronal plane) reduces to within body 
width by 4 months of independent walking.  In the transverse plane dissociation between 
shoulder and pelvic motion is apparent at 8 months of walking.   
 
In the sagittal plane pelvic tilt reduces within the first month, toe or flat foot strike gives 
way to heel strike, and a knee wave on loading is observed for the majority of children by 6 
months. Infants at 1 year have incomplete hip extension in terminal stance with hip 
hyperextension occurring after 6 months when posterior thigh muscles are more developed.  
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 This appears to be the earliest study of the development of gait that records the sequence of 
changes that occur from the first precarious steps to a more mature walking style. 
 
Sutherland et al. (1988) report on changes in walking patterns between the ages of 1 and 7 
years after studying groups of children at 6 monthly intervals. They note that by 3 years 
children had acquired the 5 determinants of mature gait (i.e. stability in stance, foot 
clearance in swing, appropriate swing phase pre-positioning of the foot, adequate step 
length and energy conservation) and that further subtle changes occur up to the age of 7 
years.  These changes include a reduction in amplitude of a pelvic tilt, pelvic rotation, 
femoral rotation and tibial rotation.  Peak knee amplitude in swing phase is reduced and the 
ankle is held in dorsiflexion for a greater proportion of swing phase. 
Although this is an extensive piece of work, Sutherland’s team did not follow the 
development of individual children but have studied different children at different ages.  
They have not captured data of the changes that occur within the first weeks of walking. 
 
Grimshaw et al. (1998) studied 9 children between the ages of 10 and 24 months.  These 
children had been walking independently from 0.5 to 10 months.  Subjects who had walked 
for less than 3 months displayed high guard, from 4 months onwards the guard was either 
middle guard or low guard.  Reciprocal arm swing emerged between 2 and 6 months.  
Initially, arms appear to counterbalance the weight transference required for stepping but 
once this skill is refined they appear to act as a counterpoise to the pelvic rotation used to 
increase step length. 
 
Twenty-five normal full-term and 25 low risk pre-term infants (i.e. infants born 
prematurely but without any overt neurological signs) were studied by Cioni et al. (1993).  
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 Video recording was made in the first 3-4 weeks of independent walking (10 consecutive 
steps) and after 4 months.  They noted a wide variability between individuals but found no 
difference in the age of walking onset between normal and preterm infants when corrected 
age was used for the latter group.  They also noted that toe striking occurred at the 
beginning of walking but not at the second observation.  They found no correlation 
between anthropometric measures and gait observation. 
 
This study concurs with Burnett and Johnson (1971) in describing the changes in mode of 
initial contact, noting that toe striking occurs during the very early independent walking of 
normal children.  Toe striking is considered abnormal in mature gait. 
 
Yaguramaki and Kimura (2002) studied 35 infants with an age range of 7 to 70 months 
with respect to stability and mobility.  They found reduction in medio-lateral motion 
between infants and adults at shoulder, hip, knee and ankle.  At 12 months shoulder and 
hip motion is synchronized but after 8 months they were discordant.  As with other studies 
they report initial contact with toe strike, a forward trunk lean, a lack of hip extension in 
terminal stance and a more flexed posture. 
 
This paper by Yaguramaki and Kimura (2002) also agrees with the findings of earlier work 
regarding early initial contact; a toe strike indicating the hip, knee and ankle are 
synchronously extending to bring the foot to ground contact.  It also provides further 
information about the development of arm swing and the dissociation of shoulder girdle 
and pelvic motion as a late change during gait maturation. 
Hallemans et al. (2005) studied 10 toddlers with less than 6 months walking experience 
and compared this with adult data collected using a 3-dimensional system.  In the sagittal 
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 plane they note differences at hip, knee and ankle.  The infant hip reaches maximum 
extension (4º) at 55% of the gait cycle (GC) whereas adults extend to 12º at 50%GC.  At 
knee level the toddler’s knee is more flexed and no loading response is seen, thus the knee 
remains slightly flexed for the first two thirds of stance.  An internal knee extending 
moment occurs during stance and there is no reversal of moment or power absorption, as 
seen in adults.  At the ankle maximum dorsiflexion occurs at 60% (50% in adults) and 
there is reduced movement into plantarflexion and lower power generation at toe off.  
These researchers note the predominance of hip and knee extending moments and the 
reduced complexity of these moment profiles. 
 
This work also indicates the changes occurring in early walking development and provides 
additional information about the joint kinetics.  The infants are predominantly generating 
internal extending moments and thereby increasing or decreasing extensor muscle activity.  
This is a less complex control strategy than used in mature gait when joint moments are 
minimized by switching between flexor and extensor muscles.  (Butler and Major, 1992) 
 
Subsequently Hallemans et al. (2006) have studied early walking development in 10 
normal children recording data within the first week of the child taking 2 or 3 independent 
steps and thereafter at 2, 3, 4, 6, 8, 10, 12, 16, and 20 weeks after these first steps.  This 
study was able to quantitatively confirm the observations of Burnett and Johnson (1971); 
including the transition from toe strike to heel strike and the emergence of the knee flexion 
wave. 
 
Breniere and Bril (1998) considered control of the hip joint as the junction between trunk 
and the lower limbs can be evaluated by measuring vertical acceleration of the hip at initial 
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 contact.  They note that this acceleration is negative until the age of 5 years, but that 
children over the age of 5 years and adults have positive hip vertical acceleration at initial 
contact.  They consider that this positive vertical acceleration indicates mature control of 
the head and trunk over the lower limbs. 
 
This paper also uses kinetic information that indicates that maturation of control takes 
longer than is apparent from kinematic data alone. 
 
Woollacott et al. (1989) have summarised the work on the development of sensory 
integration.  In early life, vision is the dominant sense that is relied on to determine 
orientation in space.  There is period of development between 4 and 6 years when 
information from other sensory inputs, including joint position sense, are integrated to 
refine postural control, with the emergence of adult postural control at 7 years. 
 
This sensory integration appears to be the final refinement of the control of the skeletal and 
neuromuscular systems that allows the development of more advanced motor skills (e.g. 
those used for sporting activities.) 
 
There are few papers that follow changes in muscle activity during the developmental 
process with electromyography. Okomoto et al. (2003) studied a single infant from 3 
weeks of age to 7 years.  Initially EMG was recorded, of biceps femoris, gluteus maximus, 
rectus femoris, vastus medialis, tibialis anterior and the lateral head of gastrocnemius, at 
intervals of 2 weeks to 2 months giving a total of 38 sets of data between the ages of 3 
weeks and 3 years.  Between the ages of 3 and 7 years the data were recorded at 6 monthly 
intervals.   In their paper Okomoto et al. (2003) reproduce the raw EMG data and discuss 
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 the changes seen at different ages.  Chagas et al. (2006) studied 12 children for 2 months 
following gait acquisition collecting data on 6 muscles to calculate a co-contraction index 
as described by Unnithan et al. (1996). 
 
2.3.5.1 Comment 
Some researchers have used an experimental design, e.g Thelen et al. (2002) to determine 
the effects of growth, but the majority report observations or measurements on groups of 
children.  Burnett and Johnson (1971) followed 28 of their 104 subjects at 4 weekly 
intervals once independent walking had been achieved.  Their reports are based on 137 
observations, made on 31 children over the period between 12 and 17 months of age, and a 
further 13 observations on 8 subjects aged between 18 and 23 months.  Sutherland et al. 
(1988) studied different groups of children at each age reported and so although 186 
children were included the number within each age group ranged from 9 children for 1 year 
olds to 23 children for 3 year olds.  Their laboratory utilized filming techniques with 
subjects wearing markers.  The coordinates of these markers were subsequently digitized 
and processed to give joint angles.  With the advent of more sophisticated 3-dimensional 
data capture systems Yaguramaki and Kimura  (2002) were able to study 35 children, 15 
being studied longditudinally, whereas Hallemans and colleagues studied 10 toddlers more 
extensively (Hallemans et al. 2004, Hallemans et al. 2005, Hallemans et al. 2006). They 
have investigated energy efficiency and changes in kinematic and kinematic parameters in 
infant walkers.  They used an elasticated garment that conformed to the child’s body and 
attached reflective markers to this suit.  These researchers do not appear to have included, 
in their published work, any results that demonstrate the repeatability of this method of 
marker attachment.  Given the variability of immature gait, and the rapid early changes in 
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 gait pattern, investigating repeatability of marker placement would be more challenging 
than the work they have already undertaken.   
As yet there appears to be just one paper that follows changes in muscle activity during the 
developmental process with electromyography Okomoto et al. (2003), although Chagas et 
al. (2006) have calculated the co-contraction index by studying 12 children for just 2 
months after gait acquisition. 
It is apparent that there are great logistical difficulties encountered in collecting data from 
young children that can be compared in terms of age, or age since first independent step. 
This adds to the complexity of measuring the changes that occur in the first months of 
independent walking.  Although the body of work is growing the data available is still 
based on small samples with little ethnic diversity.  As yet the development of intra-limb 
coordination does not appear to have been reported in the literature with a longitudinal 
study. 
 
2.3.6 Summary 
Normal children start walking independently around the time of their first birthday.  
Initially, they use synchronous hip and knee flexion and extension to step.  This action 
appears to utilize central programme generators.  This synergistic action is decoupled as 
the gait matures.  Biomechanical factors and supra-spinal pathways are thought to 
influence this process.  Progressive early development of walking shows initial rapid 
changes in base of support, arm position, mode of foot ground contact and knee movement.  
Control of the hip in the coronal plane appears to be established in early walking 
development whereas in the sagittal plane control this is established later.  After 9 months 
of walking the rate of change slows with further subtle changes occurring until the adult 
pattern is established by 7 years. 
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2.4 Development of walking in cerebral palsy  
In the following sections the developmental factors that indicate the potential to learn to 
walk and the changes that occur with age in walking ability of children with cerebral palsy 
are reported.  
 
2.4.1 Prognosis for walking 
Some children with cerebral palsy have delayed motor development and for some there is 
difficulty in attaining independent walking.  For those more severely affected children with 
cerebral palsy their prognosis for walking is poor, in the long time presence of retained 
primitive reflexes. These are the Asymmetrical tonic neck reflex (ATNR), the Symmetrical 
tonic neck reflex (STNR), the Moro reflex, the neck righting reflex, and extensor thrust and 
absence of parachute and foot placement reactions.  If two or more of these occur the 
prognosis for walking is very poor; with one of these, a guarded prognosis of some limited 
walking ability can be given and without persistence of these reflex abnormalities the 
prognosis is good (Bleck, 1975).   
 
Crothers and Paine (1988) report that almost all hemiplegics walk, whilst this number 
reduces to 80% of those with cerebral palsy with extra-pyramidal or mixed signs and to 
70% in children with quadriplegia. Watt et al. (1989) have suggested that children who fail 
to achieve independent sitting at 2 years have a poor prognosis for walking. Sala and Grant 
(1995) reviewed prognosis for ambulation in cerebral palsy, concluding that walking 
prognosis could be predicted at 2 years on the basis of retained reflexes and postural 
reactions, gross motor skills and type of cerebral palsy. 
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 Campos da Paz et al. (1994) reviewed the records of 416 patients with spastic cerebral 
palsy who had attended their centre between 1970 and 1992.  They confirmed that 
independent sitting by 2 years gave a good prognosis for walking; noting additionally that 
achievement of head balance by 9 months also gave a good motor prognosis.  Wu et al. 
(2004) retrospectively studied all children with cerebral palsy who were not yet walking at 
2 to 3½ years of age, between 1987-1999, who were referred to their developmental 
services.  They developed a logistical regression to identify items that would predict 
independent walking ability at the age of 6 years.  They used this information to create 
ambulation charts to give a walking prognosis for use in their clinical work.  Montgomery 
(1998) reviewed the literature, finding that the type of cerebral palsy (i.e. hemiplegia, 
diplegia, quadriplegia), persistence of primitive reflexes and motor development were 
prognosticators of ambulatory potential. 
 
Bottos et al. (1995) studied the pre-walking locomotor patterns of children with cerebral 
palsy and their association with independent walking.  They considered crawling, creeping, 
rolling, bunny hopping, bottom shuffling, cruising, just walking, walking with aids and no 
mobility.  One hundred and sixty subjects with cerebral palsy were studied; their diagnosis 
and age at the locomotor milestones was recorded.  All who crawled by 3 years walked 
independently, bottom shufflers also walked independently and this was the pattern 
predominantly used by children with hemiplegia whilst bunny hopping was frequently 
adopted by children with diplegia.  Only 5 of the 9 children who bunny hopped achieved 
independent walking, although 2 walked with walking aids. 
 
Fedrizzi et al. (2000) undertook a prospective study to identify predictors of independent 
walking in children with diplegic and triplegic cerebral palsy.  They used an 18 item 
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 protocol of motor skills; testing children at 6 monthly intervals.  They found that the rate of 
acquisition of motor milestones correlated with ambulatory status.  Ability to roll supine to 
prone by 18 months was highly predictive of independent walking.  
 
Ambulatory capacity is considered in the context of interventions and the ability to 
maintain ambulation in adult life (Bottos and Gericke, 2003).  Children’s motor ability at 3 
years is deemed crucial with those who achieve independent sitting and locomotor patterns 
which require good trunk control usually achieve independent walking. This contrasts with 
those who lack erect trunk control and are therefore unable to sit independently or can only 
move by stomach creeping or rolling.  They are unable to develop walking skills and such 
prognostic factors therefore seem important in clinical research. 
 
2.4.1.1 Comment 
Prognosis for walking is poor for children with cerebral palsy who are unable to sit 
independently at 2 years.  Acquisition of pre-locomotor skills would seem to be important 
if children are to be able to walk independently.  Sitting balance and rolling supine to prone 
utilize control of the trunk and are precursors for developing trunk control in the erect 
posture and the anticipatory postural adjustment required for independent stepping. 
 
2.4.2 Walking ‘maturation’ in cerebral palsy 
Texts (Bleck, 1987; Finnie, 1990; Levitt, 1982) and papers  (Norlin and Odenrick, 1986; 
Rosenbaum et al.  2002) on cerebral palsy indicate that development of gross motor 
function is delayed in children with cerebral palsy.  Gage (1991) and others describe gait in 
terms of distribution of impairment (i.e. hemiplegic and diplegic).  There are few reports 
on walking patterns of children with cerebral palsy under the age of 7 years, which is the 
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 age by which gait maturation has occurred in normal children (Sutherland et al. 1988).  
This means that there is a paucity of information as to any changes that occur in the early 
stages of walking in children with cerebral palsy to consider in the context of the rapid 
changes seen in normal infants during their first months of independent walking. 
 
Leonard et al. (1991) compared 2 normal infants and 5 mildly affected infants with 
cerebral palsy who required support to walk with 3 normal infants and 3 infants with 
cerebral palsy who could walk without support. The kinematics of the cerebral palsied 
children always had a toe strike and lacked a knee flexion wave although the hip joint 
movement appeared similar for both cerebral palsied and normal groups.  In supported 
locomotion foot contact was followed by ankle dorsiflexion (the forefoot reaches the 
ground first and then the heel was lowered) whereas the normal independent walkers show 
ankle extension  - the resultant of the heel strike and plantarflexing torque.  Some children 
with cerebral palsy showed ankle extension just before foot ground contact.  All knees 
flexed during the beginning of swing phase then extended to make ground contact at the 
end of swing phase.  The difference between normal independent and supported walkers, 
which appeared consistently, was inter-joint temporal sequencing.  Normal walkers of one 
month initiated swing with ankle plantarflexion, followed by knee flexion and then hip 
flexion whereas for supported walkers hip or knee flexion precedes ankle plantarflexion.  It 
is noted that no cerebral palsied child developed normal temporal sequencing but used a 
sequencing that was similar to normal supported walkers. 
 
These differences between normal infants, who initiated swing phase with the ankle 
plantarflexion, and CP subjects who initiated swing phase from the hip suggests and early 
divergence from normal co-ordination in children with cerebral palsy.  
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Yokochi (2001) reports on the development of gait in 20 diplegic children who started 
walking between the age of 1 and 5 years until aged 6-16years.  He observed that although 
some children initially walked with flexed hips, hyper-extended knees and plantarflexed 
ankles in stance phase, all children walked with flexed knees at the end of the study.  Of 
the 12 limbs which initially showed knee hyperextension with plantarflexion 8 became 
flexed at the knee and dorsiflexed at the ankle with the other 4 remaining plantarflexed at 
the ankle. 
 
However, no explanation is offered by these authors as to the why the knee position 
changes from hyperextension to flexion but such a change is likely to affect intra-limb co-
ordination. 
 
Norlin and Odenrick (1986) describe the development of walking in cerebral palsy.  They 
found that children with cerebral palsy, aged 3-16 years, had lower gait velocity and stride 
length than normal children.  Movements slowed with age and there was increased double 
support and stance.  This showed that there had been deterioration in postural control 
which required more foot/ground contact time for stability.  Johnson et al. (1997) studied 
18 children with diplegia, performing 2 gait assessments with a mean 32 month interval 
between assessments.  These children also showed increased double support. They also lost 
dynamic range at hip, knee and ankle.  Similarly Bell et al. (2002) studied 28 children with 
cerebral palsy who had 2 gait analyses at a mean interval of 4.4 years between tests and no 
surgery.  The subjects also showed decreases in passive range of motion and temporal and 
kinematic parameters. 
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 It would appear that as children with cerebral palsy have a slower and less efficient gait.  
As they get older they loose dynamic joint motion in walking which further reduces their 
efficiency.  (Work by Picinni et al. (2007) and Raja et al. (2007) confirmed the inefficiency 
of CP gait.) 
 
Studies of walking in cerebral palsy describe a number of patterns.  Sutherland and Cooper 
(1978) describe crouch gait when the knee is flexed at more than 30º throughout stance 
phase.  Winters et al. (1987) classified hemiplegic gait with 4 types depending on the 
degree of involvement at hip, knee and ankle.  Hullin et al. (1996) describe 5 gait patterns 
in hemiplegia, sub dividing ankle abnormalities into those with tibial arrest and those in 
dorsiflexion.  A number of other gait features are described in the literature (DeLuca et al.  
1998; Lin et al. 2000) and Rodda and Graham, (2003) also describe gait patterns in spastic 
hemiplegia and spastic diplegia.  These include excessive pelvic motion, stiff knee gait 
(where the knee is relatively immobile) and jump knee gait (when the knee is overflexed at 
initial contact but extends in midstance before prematurely flexing in terminal stance). 
 
2.4.2.1 Comment 
Infants with cerebral palsy show kinematics similar to that of supported infant walkers but 
some learn to walk independently whilst retaining this pattern.  Bleck, 1988 reports the 
plateauing of motor development at 7 years but Johnson et al. 1998; and Bell et al. (2002) 
report regression in their subjects’ walking ability with age.  Yokochi (2001) followed 20 
children with cerebral palsy for a number of years and was able to report changes with age.  
The majority of researchers report on various features of the abnormal gait patterns used by 
children with cerebral palsy, but the researcher could only find work by Clark et al. and De 
Bruin et al. that consider lower limb coordination.  These papers are reviewed at paragraph 
 54
 2.6.3).  It would seem that coordination can change with age in children with cerebral palsy 
but the above studies reported have not followed these changes in intra-limb coordination 
from infancy to adulthood.  Although a number of different gait patterns are described and 
classified it is not, however, clear how these patterns have emerged.   
 
2.5 Therapy to promote walking 
In the researcher’s experience the use of walking aids appears to affect walking patterns; 
indeed therapists train people to use aids in a way that can affect the timing of steps (e.g. 
three point gait).  Children with cerebral palsy are often reliant on walking aids during their 
motor development (Bleck, 1987).  More recently weight relief and treadmills have been 
used to train walking.  The following sections report on the limited information available 
in the literature about walking aids for children with cerebral palsy. 
 
2.5.1 Walking aids 
Therapeutic (Levitt, 1982) and orthopaedic texts (Bleck, 1987) show children with cerebral 
palsy using a variety of walking aids.  These aids may be sticks, crutches, or wheeled 
devices but reviews of their efficacy are few.   
 
Kaye Walker users produced a more erect posture than rollator users (Greiner et al.  1993).  
The former is a posterior walker (see Figure 3.8) where the user stands in front of the 
walker.  This constrasts with traditional rollators that are pushed along.  Greiner et al.  
(1993) also reported that the Kaye Walker was preferred by the users and allowed longer 
step length and shorter double support times.  Mattsson and Andersson, (1997) studied 
oxygen cost and found no difference between this energy cost of using anterior or posterior 
walkers.  Park et al. (2001), however, found that there were lower trunk, hip and knee 
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 flexion angles (giving a more erect posture) and O2  cost was lower for their subjects when 
they used a posterior walker rather than an anterior walker.  Thus the findings of the 2 
studies on energy effects of anterior and posterior walkers have conflicting results 
 
The researcher has observed that Kaye Walkers and rollators require the user to support 
and stabilise their trunk through their arms, whereas in normal walking the trunk is 
perturbed by the lower limb motion but has dynamic balance.  Cordo and Nashner, (1982) 
have shown that when a subject is perturbed whilst holding a hand rail then the response to 
perturbation occurs from proximal to distal muscles whereas the response to perturbation 
in free standing occurs at the base of support (i.e. distal to proximal).  The arms and 
shoulder girdle are used with rollators and Kaye walkers or crutches to stabilize the trunk 
with compensatory mechanisms that utilize different sequences of muscle activity.  In 
practicing this sequence it may be more difficult, for children with cerebral palsy who 
often have difficulty learning how to perform motor tasks to learn how to walk without this 
support.  
 
2.5.2 Supportive walking systems 
Technical descriptions of a number of supportive systems are reported (Farley et al. 1996, 
Thompson and Patrick, 1990).  The latter report the use of a walker and orthosis, the 
potential use of this system was also described (Stallard et al. 1996).  Initial development 
of a rear support walking frame, which is a refinement of existing walking frames, 
provides adjustable weight relief when used with a Trunk, Hip, Knee, Ankle, Foot Orthosis 
(Broadbent et al.  2000).  Children who previously needed the assistance of a helper and a 
walking aid were able to walk up to 400 metres with adult supervision.   The David Hart 
Walker Orthosis (DHWO) has been evaluated (Wright et al.  1999).  This system also uses 
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 an orthosis attached to a wheeled frame to provide partial weight relief.  Twenty children 
with quadriplegic cerebral palsy were randomly selected, mean age 7.9 years and with a 
mean pre-intervention Gross Motor Function Measure score of 21.6%.  This score 
indicates that the subjects have a low level of motor function, such that the subjects would 
be dependant on assisted or powered wheelchairs for mobility.  (This measure of motor 
function is reported at paragraph 2.6.1.1)  After 12 months use of the DHWO eleven of 
these children could walk 30 metres in the DHWO and had significant improvement in the 
Walking, Running and Jumping Dimension of the GMFM.   
 
2.5.3 Weight relief 
Partial weight relief has been shown to be beneficial in a single case study when an 
adolescent with cerebral palsy walked with 30% weight relief supported over a treadmill.  
McNevin et al. (2000) report that their subject was able to walk at faster speeds and tripped 
less frequently.  Schindl et al. (2000) described treadmill training with partial body weight 
support in non-ambulatory patients with cerebral palsy (mean age 11.4 years).  This 
facilitated improvements in the functional ambulation category and the standing and 
walking dimensions of the GMFM in patients who had the stamina required to tolerate the 
training (8 of 10 subjects).  A further single case study (Day et al.  2004) reports that a 
quadriplegic child could walk short distances with a rollator after 4 months treadmill 
training.  Dodd and Foley (2007) used matched pairs of children with cerebral palsy 
GMFCS levels III and IV (see Paragraph 2.6.1.1) and found that 2 sessions per week for 6 
weeks increased walking speed and endurance for some subjects.  Richards et al. (1997) 
found that treadmill training was feasible for young children with cerebral palsy (mean age 
2 years) and Pang and Yang, (2000) used a treadmill for unaffected infants of 2-11 months.   
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 2.5.4 Comment 
Walking aids can be used to provide stability when balance is poor and support to 
compensate for muscle weakness.  The use of hands for support and trunk stabilization 
during walking may inhibit development of trunk balance over the pelvis.   
Rear support walking frames provide the opportunity to practise lower limb co-ordination 
without the use of arms in weight bearing and stabilization.  Partial weight relief appears to 
provide the opportunity for prolonged walking practice which allows stamina and strength 
to be developed.  
The action of the treadmill can take the stance limb into extension, thus stretching the hip 
flexors and eliciting a responsive contraction to initiate the next step.  Researchers have 
reported some improvements in motor function and walking ability following treadmill 
training for children with cerebral palsy.  Clark et al. (1988) suggest that providing support 
to newly independent walkers allows for improved intra-limb co-ordination.  In normal 
development, however, good intra-limb co-ordination permits the control of limb 
amplitude (length from pelvis to plantar surface) which needs to be consistent to further 
refine the inter-limb co-ordination to adult levels.  This refinement of lower limb co-
ordination could be adversely affected in children with cerebral palsy who are obligatory 
users of walking aids.  It would seem that intra-limb coordination of children with cerebral 
palsy may be affected by support provided by walking aids, walking systems or harnesses 
used with treadmills.  Thus any measure of intra-limb coordination would need to be 
considered together with information about the amount and type of support provided.  
Eventually such a measure might we used to inform decisions regarding the suitability of a 
walking system with respect to the development and  training of  lower limb coordination. 
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 2.6 Methods of describing and quantifying walking 
In this section literature is reviewed firstly on qualitative methods of assessing gait.  
Although there are a number of data capture systems on the market the researcher has 
concentrated, for quantitative measures, on papers relating to opto-electronic systems and 
electrogoniometers as these systems are available in her gait laboratory.  Finally 
consideration has been given to techniques of processing quantitative data to measure 
intra-limb coordination and gait symmetry. 
 
2.6.1 Qualitative assessments 
2.6.1.1 Gross motor function 
The Gross Motor Function Measure (GMFM) was developed by Russell and her 
colleagues (Russell et al. 1989).   This measure takes a developmental approach to gross 
motor abilities.  It has five dimensions, I - lying and rolling, II - sitting, III - crawling and 
kneeling, IV - standing and V - walking, running and jumping.  There are 88 items: each is 
scored 0-3 (according to the descriptions provided in the manual, Russell et al. 2002) with 
0 given when the child is unable to initiate the activity and 3 when the child can complete 
the activity.   
 
Further work (Palisano et al.  1997) has produced the Gross Motor Function Classification 
System (GMFCS) which has 5 levels.  The ability is described before age 2, between 2 and 
4 years, between 4 and 6 years and the between 6 and 12 years.  This has been expanded to 
include 12 to18 year olds (Palisano et al. 2007). 
 
The outline descriptions for GMFCS levels are: 
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 Level I Walks without restrictions; limitations in more advanced gross motor skills. 
Level II Walks without assistive devices; limitations walking outdoors and in the 
community. 
Level III Walks with assistive mobility devices; limitations walking outdoors and in the 
community. 
Level IV Self mobility with limitations; children are transported or use power mobility 
outdoors and in the community. 
Level V Self-mobility is severely limited even with use of assistive technology. 
 
Rosenbaum et al.  (2002) report in their longitudinal study that the most severely affected 
children reach their maximum level of function earlier than those with less impairment.  
This level appears to be maintained through childhood.  The GMFM – 66 mean score for 
Level V is 22.3, Level IV 40.4, Level III 54.3, Level II 68.4 and Level I 87.7. 
This work has been brought together in to user’s manual (Russell et al.  2002). 
 
The GMFM and GMFCS are frequently used in studies to evaluate treatment of children 
with cerebral palsy.  A parent questionnaire was used to assess the agreement between 
parents and therapists in classifying children for GMFCS level.  The intraclass correlation 
coefficient (ICC) between professionals and families was 0.97 (95% Confidence Interval, 
[CI] 0.96 to 0.98) for those who had discussed the GMFCS level and 0.92 (CI 95%: 0.91 to 
0.93) for those parents and professionals who had not had such a discussion. (Morris et al. 
2004).  They indicate that parental assessment of their child’s GMFCS level could be used 
when a professional assessment has not been undertaken, as may be the case when the 
child has already needed to cooperate in a number of other time and energy consuming 
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 assessment procedures.  The small 95% confidence intervals for the ICC of the two sample 
groups is proof of a reliable sample analysis.  
The supported walking ambulation performance scale (SWAPS) devised by Malouin et al.  
(1999) highlighted that the GMFM failed to identify changes in locomotor status that could 
be seen by trained observers from video records.  SWAPS consists of 4 dimensions~: 
support, posture, quality of steps and quantity of steps.  In this pilot study SWAPS was 
used to assess children with cerebral palsy under the age of 2.3 years.  This preliminary 
study was able to measure changes in ambulatory status in non-independent walkers.  The 
researcher has spoken to the lead author of this paper and discovered that there has not 
been any further work done utilizing SWAPS  (Malouin, personal communication, 27 
April 2006). 
 
2.6.1.1.1 Comment 
The functional ability, with respect to walking, of children with cerebral palsy can be 
measured with the GMFM.  The assessment process determines if a child can perform an 
action but does not look at the quality or coordination of the movement used.  The GMFM 
score or GMFCS descriptors (Palisano et al.  1997) are used to classify children with 
cerebral palsy into the 5 levels GMFCS.  CP children’s GMFCS level can be assessed from 
parental reports (Morris et al. 2004).  It may therefore be possible to classify the functional 
level of children with cerebral palsy by referring to parental questionnaires.  One might 
expect poor coordination to have a detrimental effect on function and thus there may be 
some relationship between coordination and function that can be explored.   
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 2.6.1.2  Visual gait scores 
The Rivermead Visual Gait Assessment (RVGA) was developed for adult patients with 
neurological deficits (Lord et al.  1998).  Their assessment scores upper limb position, and 
trunk, pelvis hip, knee and ankle positions in stance and swing phases.  They concluded, 
from an ICC test that inter-rater reliability was reasonable with 63.8% agreement of all 
observations.  They found correlation r = 0.68, (they considered this value to be 
reasonable), between changes in walking speed and RVGA after treatment. 
Perry (1992) shows the full body observational gait form (developed at Rancho Los 
Amigos Medical Center), which is used for recording deviations from normal, by body 
segment or joint at each stage in the gait.  These observations are principally in the sagittal 
plane. 
The team at the Anderson Gait Laboratory has developed the Edinburgh Visual Gait Score 
for use in cerebral palsy (Read et al.  2003). This visual gait score was validated against 
Vicon 3 dimensional data measurements.  Observations were made, 17 in stance and 13 in 
swing phase.  They were able demonstrate, using a Kappa statistical test, median 
agreement of 70.3% with most agreement of foot ground contact at initial contact at 96% 
and least agreement of knee extension in terminal swing at 55%.  A further study 
(Maathuis et al.  2005) tested the inter- and intra-rater reliability of the Physician Rating 
Scale and the Edinburgh GAIT scale.  This showed good intra-observer reliability with 
children with cerebral palsy but poor inter-observer reliability.  A further study tested inter- 
and intra-rater reliability (Wren et al.  2005) and found that clinicians were unable to 
accurately estimate hip and ankle position over estimating hip flexion and underestimating 
ankle dorsiflexion. 
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 2.6.1.2.1 Comment 
These studies on observational methods indicate the difficulty in obtaining agreement 
between raters.  Motor milestones and the development of walking feature in these 
procedures but none specifically evaluate intra-limb coordination; a feature of gait which is 
reported to change as gait matures.  ICC in the order of 70% has been deemed acceptable 
by Read et al. (2003).  Even this degree of agreement may prove difficult to achieve 
between raters when intra-limb coordination is described due to the complexity of the 
simultaneous lower limb joint motion.   
 
2.6.2 Quantitative assessment of walking 
 
2.6.2.1 Measurement systems 
The researcher’s unit has a gait laboratory that has an opto-electronic marker tracking 
system Vicon Motion Capture Systems and electrogoniometers.  In this section literature 
reporting the repeatability and accuracy of these systems has been reviewed. 
 
2.6.2.1.1 Three-dimensional systems 
The work of Kadaba et al. (1989) and Steinwender et al. (2000) indicate the level of 
repeatability achieved by a single operator for 3-dimensional data collection using a Vicon 
system.  Anthropometric subject measurements are made and reflective markers placed to 
the prescribed protocol.  Kadaba et al. (1989) report the repeatability of normal adult gait 
data including kinematic data.  They evaluated 40 subjects, 3 times, on each of three test 
days.  They report excellent repeatability of sagittal plane data within and between test 
days.  The repeatability within day was good for transverse and coronal plane data within 
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 day, but was reduced between days.  They used the coefficient of multiple correlation 
(CMC) to compare data (see Table 2.2). 
Sagittal 
Kinematics 
CMC within Day CMC between day 
 Normal Adult Normal Adult 
AnkleDF/PF 0.97(±0.02) 0.96(±0.02) 
Knee F/E 0.99(±0.005) 0.99(±0.009) 
HipF/E 0.99(±0.002) 0.99(±0.003) 
 
Table 2.2 CMC results and standard deviations published by Kadaba et al. (1989) 
Steinweinder et al. (2000) studied the intrasubject repeatability of gait analysis data in 
normal and spastic children.  Twenty normal and 20 diplegic children had 3 dimensional 
gait analyses using a reflective marker tracking system.  Again CMC was used to compare 
data.  They found that repeatability was better for normal children than for the diplegic 
children and was less repeatable between days (see Table 2.3).  Both Kapada et al. (1989) 
and Steinwender et al. (2000) indicate that variability of marker placement between 
occasions contribute to the day to day variability of data but single operator applied the 
markers on each of these studies. 
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Sagittal 
Kinematics 
ROM CMC within Day CMC between day 
 Normal CP Normal CP Normal CP 
AnkleDF/PF 25.8(±8.5) 22.6(±9.2) 0.93(±0.0) 0.87(±0.0) 0.87(±0.0) 0.83(±0.0)
Knee 59.0(±1.4) 52.7(±4.9) 0.98(±0.2) 0.97(±0.1) 0.96(±0.2) 0.96(±0.2)
HipF/E 48.8(±3.0) 48.8(±5.6) 0.98(±0.1) 0.98(±0.1) 0.96(±0.2) 0.96(±0.2)
 
Table 2.3 ROM and CMC (standard deviations in brackets) published by 
Steinwender et al. (2000) 
 
 
2.6.2.1.2 Electrogoniometers 
Nicol (1989) makes the case for the use of electrogoniometers indicating that modern 
electronic devices can provide angular measurements with accuracy within 1° and 
contrasts this with the measurement scales on a protractor goniometer, typically marked in 
2° or 5°.  He summarised the finding of other researchers with Ellis and Stowe (1982) 
indicating that intra-tester hip measurements varied 1-5% and inter-tester measurements by 
5-10%. 
The difficulty is further compounded by the variability of subjects with changes in range of 
joint movement changing when repeated measures on the same occasion produce 
relaxation or increase pain or between occasions. 
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 The clinical application of the flexible goniometer was first reported by Rowe et al. (1989).  
This type of goniometer was used to measure hip and knee motion for patients undergoing 
total hip replacement.  These goniometers have a strain gauge surrounded by a spring, 
which was fitted with end plates for patient attachment and were used in conjunction with 
footswitches.  They checked the repeatability using a single subject and repeating the 
placement of the electrogoniometers four times on the same afternoon and reported good 
agreement between tests with a standard deviation of 2° for hip and knee motion.  
Subsequently, a more rigorous study was undertaken (Rowe et al.  2001) when the 
precision of the electrogoniometer was measured, with a goniometer which had been 
checked against a metal vernier scale and was shown to be accurate to 1°-3°.  Dynamic 
motion was studied by simultaneously recording knee motion with electrogoniometers and 
with the VICON VX system. Three women and two men acted as subjects and performed 5 
free speed 10 metre walks.  The results showed that the total excursion of the knee joints 
was 60.3° for the electrogoniometers and 60.9° for the Vicon system.  Variability between 
walks is reported as similar between the systems.  A figure within the paper plots the knee 
angle against % of the gait cycle: here there are small differences in the timing of 
maximum and minimum knee flexion.   
 
Pomeroy et al. (2006) compared the measurement of knee angular velocity between the 
Vicon system and electrogoniometers.  They studied 15 subjects, who were at least 6 
months after stroke.  They found that although the intraclass correlation coefficient was 
high, when their data was processed to determine the limits of agreement as devised by 
Bland and Altman (1986); these limits were too wide for the systems to be used 
interchangeably. 
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 2.6.2.1.3 Comment 
The researcher’s unit has a Vicon system or electrogoniometers that can be used to 
measure movement at the hip, knee and ankle joints in walking.  These systems appear to 
provide repeatable data but are susceptible to differences in marker/goniometer placement.  
One element of variability can be reduced by using the same person to apply the 
markers/goniometers.  It may however not be appropriate to use these systems 
interchangeably.   
The data from these systems are continuous, i.e. 50 data points for each joint for each gait 
cycle.  CMC appears to be a satisfactory method of comparing each data point with the 
same data point in each gait cycle.  Neither Kadaba et al. (1989) nor Steinweiner et al. 
(2000) have considered effect size or power in their study design.  Such calculations appear 
to depend on availability of mean and standard deviation values for the sample populations 
that are to be compared.  These calculations could have been performed on the range of 
motion data (e.g. peak knee flexion) but not on the continuous data.  The method described 
by Bland and Altman (1986) is useful for assessing agreement between methods of 
measurement which is of importance if measurement systems are to be used 
interchangeably. 
The issues of agreement between systems are explored in Chapter 4. 
 
2.6.3 Processing techniques 
Data collected from these measurement systems can be processed to make further 
comparisons.  The Gillette Gait Index (GGI) is such a measure.  It was developed by 
Professor Gage and his team (Schutte et al.  2000) and was used as a measure of gait 
abnormality (Romei et al.  2004). This index includes the following parameters: time of toe 
off (%GC), walking speed/leg length, cadence (step/sec), mean pelvic tilt, range of pelvic 
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 tilt, minimum hip flexion, range of hip flexion, peak abduction in swing, mean hip rotation 
in stance, knee flexion at initial contact, time of peak knee flexion (%GC), range of knee 
flexion , peak dorsiflexion in stance, peak dorsiflexion in swing, mean foot progression 
angle in stance.  Values have been derived for normal children and for children with 
cerebral palsy.  Recent work at the researcher’s unit has demonstrated changes in GGI of 
children with cerebral palsy following surgery (Postans et al. 2006).  The reduction in GGI 
score after selective dorsal rhizotomy indicated considerable improvement in walking 
ability. 
 
A recent paper (Toro et al. 2007) has used cluster analysis to look at sagittal gait patterns in 
children with cerebral palsy.  They divide their 76 subjects (20 normal and 56 CP) into 13 
clusters, indicating the variety of coordination patterns adopted by CP children. 
 
Intra-limb coordination has been explored by a number of researchers.  Some early work 
used angle/angle diagrams of hip angle against knee angle to describe intra-limb 
coordination noting that the area enclosed was reduced as impairments increased in CP (De 
Bruin et al. 1982).  This technique has also been used by Yaguramaki and Kimura (2002) 
to show developmental changes in intra-limb coordination.  Phase portraits of angular 
displacement plotted against angular velocity are used to compare newly independent 
walkers and adults (Clark et al. 1993).  Relative motion plots have been used to measure 
changes in intra-limb and inter-limb coordination.  Sparrow et al. (1987) refer to a 
technique that plotted such data to produce a pattern centroid.  Cross-correlation was used 
to measure differences between pattern centroids and thus derive a coefficient.  The 
differences in relative phase of 2 systems can be quantified by calculating centroid 
perimeters and areas.  In more recent work they have used relative phase, a higher order 
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 variable, when the phase angle of one segment was plotted against the phase angle of 
another segment to study coordination.  The phase angle was obtained by plotting the angle 
of the segment relative to horizontal against the angular velocity.  This has permitted the 
investigation of hemiplegia and limb loading on coordination (Barela et al. 2000; Haddad 
et al. 2006).  Discrete relative phase (DRP) was used to consider relative timing of key 
events and continuous relative phase (CRP) for spatial temporal evaluation of coordination. 
It is however noted that CRP should be treated with caution when the input signals are 
non-sinusoidal. (Peters et al. 2003)  Recently, Daly et al. (2007) have calculated a motion 
vector from hip and knee joint angles and velocities for each data point in the gait cycle 
and used these vectors to calculate the average coefficient of correspondence (ACC).  This 
gives a single figure to express coordination between hip and knee joints. 
 
2.6.3.1 Comment 
The GGI appears to be sensitive to changes in gait patterns for children with cerebral palsy 
following surgery.  The variability of gait patterns in children with cerebral palsy is shown 
by the number of clusters (13) derived from 56 subjects. Both GGI and the clustering relate 
to specific data points (e.g. maximum knee flexion in stance phase) and do not examine 
relative joint motion. 
Although the researcher had found research using angle/angle plots and phase portraits it 
was not until much of the work presented in this thesis had be done that she became aware 
of the work using continuous relative phase to measure intra-limb coordination.  Heeding 
the cautionary remarks of Peters et al. (2003) the researcher has reservations about using 
CRP to assess intra-limb coordination in children with cerebral palsy as they can display a 
stiff knee gait that is not sinusoidal.  The average coefficient of correspondence gives a 
single value that is useful as an outcome measure but does not provide insight into the 
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 elements that have changed following the intervention.  Therapeutically the researcher 
considers that identifying aberrant elements is key to devising remediation. 
 
2.6.4 Symmetry 
During the course of this work asymmetry emerged as an issue and then the literature was 
searched for methods to quantify asymmetry.  Sadeghi et al. (2000) in a review paper 
discussed the findings of other researchers, indicating that normal gait was thought to be 
symmetrical, although it was known that children develop laterality predominantly with 
hand function but also in lower limb activities such as kicking a ball. They discussed the 
potential relationship between laterality and gait asymmetry in able-bodied gait but found 
no clear evidence of a relationship.  A number of symmetry indices were described and 
discussed.   
 
2.6.4.1 Comment  
All these indices used parameters from both limbs to calculate the index, however, these 
calculations result in a zero value for the index if any parameter used is zero for either 
limb.  As some features of intra-limb coordination only occur in some subjects some 
parameters can have a zero value thus making it impracticable to use these published 
indices in this thesis. 
 
2.7 Discussion  
Normal walking results from the convergence of maturation and experience in all the 
contributing subsystems: balance, control, strength and the motivation to assume the erect 
posture to explore the environment.  The pre-requisites of walking would appear to include 
two components; head and trunk balance and reciprocal stepping.  Their integration allows 
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 erect mobility to be established.  There are a few treatments which specifically potentiate 
acquisition of these component skills.  Butler (1998) has shown, in children with cerebral 
palsy, that truncal control can be promoted with targeted training.  Infant stepping can be 
retained (to advantage) with practice and weight relief (from walking aids) can facilitate 
lower limb coordination.  For some, treadmill training could assist automation of cyclic 
lower limb action. Walking supported by the rear support walking frame offers the 
opportunity, to children with cerebral palsy with severe motor impairment, for stepping 
practice.  The motivational benefits of facilitating movement whilst allowing the hands to 
remain free, encourages exploration and play. 
 
Clinicians study mature gait as the template for gait training; applying this to children with 
cerebral palsy.  The literature reviewed indicates that there is a developmental sequence in 
gait maturation that can be arrested in children with cerebral palsy.   
 
Some children with cerebral palsy fail to develop adequate lower limb intra-limb 
coordination.  Where a synergistic pattern of hip, knee and ankle flexion and extension 
persists it would seem that there is insufficient supraspinal influence on the locomotor 
pattern generators to modify the intra-limb coordination to a more mature pattern.  Brown 
et al. (1997) have indicated that most neuronal development within the spinal cord is 
complete by 2 years.  Children who are unable to sit at 2 years may not potentiate the 
neuronal development of these connections, by their continuous motor/sensory activity, 
and therefore their capacity for dissociation of the synergistic intra-limb coordination must 
be limited. 
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 Those children, who show some dissociation of this synchrony, could be construed to show 
some evidence of supraspinal connections and may have the potential to strengthen these 
neural connections for more refined movement patterns.  A clinical example of this occurs 
in selective dorsal rhizotomy (SDR) where the dominant patterns are altered surgically.  
SDR interrupts the reflex arc, allowing inefficient supraspinal influences to act on the 
anterior horn cells (Peacock and Arens, 1982).  Botulinum toxin injections are used to 
prevent neural impulses from activating the injected muscles and thus allow their 
antagonists to act more effectively (Desloovere et al. 2007).  Such interventions may be the 
key to allowing better intrinsic revision of control mechanisms when coupled with 
appropriate movement re-education by therapists. 
 
It would seem that there are a number of treatment options that may influence the 
development of intra-limb coordination in children with cerebral palsy and if these are to 
be better evaluated and understood then tools that identify changes of intra-limb 
coordination should be developed.  Such measures could be used to assist clinicians in 
recognizing the progressive development of lower limb co-ordination in walking and to 
differentiate between the effects of therapy or different types of walking aid on lower limb 
co-ordination so that appropriate patterns can be promoted and transition to a sustainable 
gait pattern can be achieved. 
 
2.8 Factors for development of research plan 
The literature review confirms that a different pattern of intra-limb coordination is 
described for newly independent walkers from that of children with a mature gait and that 
children with cerebral palsy display different gait patterns from normal children.   
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 Although the GMFM assesses walking it does so from a functional point of view and does 
not assess the quality or style of the movement pattern used to achieve the stepping action.  
A preliminary study (Maluoin et al. 1999) indicated that some researchers were able to 
visually identify differences in early walking that were not measured by the GMFM.  
Although there are other more extensive qualitative measures of gait they do not measure 
intra-limb coordination; thus the researcher set out to develop a qualitative tool using 
descriptions of coordination.  Since support was reported to effect coordination an 
assessment of the type of support used needed to be included.  The validity of such an 
instrument should be tested; in this instance as there is no accepted method of assessing 
coordination, internal validity should be considered.  The percentage agreement and Kappa 
statistic can be used to assess inter-rater reliability.  The latter tends to be preferred by 
researchers as it takes into account agreement having occurred by chance. 
 
From the literature it would appear that kinematics and joint synchronisation show more 
easily identifiable differences between infant stepping and supported locomotion than 
differentiation between EMG patterns.  There is controversy in the literature with 
Forrsberg (1985) indicating no change between these stages, whereas Okamoto et al. 
(2003) were able to identify changes at each stage of development.  The researcher’s 
experience with clinical gait analysis makes her cautious about the repeatability of EMG 
data.  Initially, therefore, the researcher determined to limit her investigation to kinematic 
data.  The Co-contraction Index, reported by Unnithan et al. (1996), may be explored in 
future work.  This could be considered alongside measures of intra-limb coordination to 
relate muscle activity to joint coordination patterns. 
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 Some researchers have described coordination in early walking. Clark et al. (1993) used 
phase portraits and Yaguramaki and Kimura (2002) used angle/angle diagrams in normal 
infants, whereas just De Bruin et al. (1982) studied these in cerebral palsied gait.  Initially, 
the researcher intended to build on the work done using angle/angle diagrams by 
calculating the area described when one joint angle was plotted against another joint angle. 
It was thought that area size might be proportional to walking ability and thus give a 
quantitative measure.   
 
The researcher’s ambition was to develop a technique that could be used for children using 
extensive support systems as well as those who could walk independently.  Personal 
experience had shown the difficulty of collecting Vicon data for children using such aids 
for walking, so the use of electrogoniometers was considered.  Firstly the agreement 
between the Vicon system and electrogoniometers of joint angle data collected was tested 
using Bland and Altman’s limits of agreement.  The intra-subject repeatability of the data 
was assessed using the coefficient of multiple correlation.   
 
Given the complexities of collecting data on newly independent walkers the researcher 
decided at this stage of developing a quantitative tool to study normal children with mature 
gait and children with cerebral palsy of a similar age as the work reviewed indicated less 
variability in the gait patterns of older children. 
 
Since the papers (of quantitative measurements) reviewed (Johnson et al. 1997; Lin et al.  
2000; Steinwender et al.  2000) had sample sizes of the order of 20 subjects, the plan was 
to collect data from 20 normal children and 20 children with cerebral palsy.  The data once 
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 processed was used to measure the differences in coordination between normal children 
and children with cerebral palsy.   
 
This data was explored to consider if there were any associations between level of 
impairment, as measured by the GMFCS level and researcher defined coordination patterns 
of intra-limb coordination.  The clinical utility was to be considered by comparing pre and 
post-operative data of a further small convenience sample of children with cerebral palsy 
who have had a surgical intervention.  
 
These results were then used to calculate post hoc power and effect size.  The effect size 
was then be used to ensure that future work would be adequately powered. 
 
2.9 Research plan 
The research therefore comprised three phases: 
1. Development and testing of qualitative assessment of lower limb intra-limb 
coordination in gait. 
2. Development and testing of quantitative assessment of lower limb intra-limb 
coordination. 
3. Clinical application of developed lower limb intra-limb assessment tools. 
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 Chapter 3  Initial work to describe intra-limb coordination in walking of normal 
children and children with cerebral palsy. 
 
3.1  Introduction 
The literature review had revealed the lack of any qualitative assessment of intra-limb 
coordination in normal children or those with cerebral palsy. It was decided to first explore 
the possibility of developing a qualitative assessment of lower limb coordination.  The 
researcher reviewed video recordings of normal children and those with cerebral palsy to 
describe lower limb coordination during gait.  Some children with cerebral palsy use 
walking aids to provide support and stability, so in addition to considering the pattern of 
joint movements it was thought necessary to include a record of the support used if 
appropriate. 
 
The supported walker ambulation scale has been used to assess walking ability of infants 
with cerebral palsy (Malouin et al.  1999).  This qualitative tool considered support, 
posture, quality and quantity of steps.  Amplification of this approach to include 
assessment of intra-limb coordination was considered to potentially be a useful way to 
assess the effects of using different walking systems by considering: 
• level of support including walking aids and orthoses,  
• trunk and head posture 
• foot ground contact modes 
• intra-limb coordination in gait events. 
 
The researcher devised descriptions and scores for these factors.  This researcher has not 
identified any generally accepted ‘gold standard’ method of measuring intra-limb 
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 coordination after considering the available literature. Thus the potential validity of the tool 
(qualitative assessment developed) was examined using internal validity. 
 
3.2  Development of content and format of assessment of intra-limb co-ordination in 
walking: the support and walking assessment measure (SWAM) 
 
3.2.1  Descriptors for level of support 
Children with cerebral palsy often require external support when learning to walk. This 
support can be provided by a person, from orthoses or with walking aids or by 
combinations of these mechanisms.  Within ORLAU a highly supportive system has been 
developed that uses a trunk, hip, knee, ankle, foot orthosis (THKAFO) shown in  Figure 
3.1 which is supported on the ORLAU rear support walking frame (RSWF) as shown in 
Figure 3.2.  This combination, the locomotor guidance system (LGS), can be used by 
children who otherwise are unable to sustain walking without the help of an adult 
(Broadbent et al. 2000).  In the early stages of this work the researcher planned to focus on 
assessing lower limb coordination in children using this very supportive system.  The 
researcher soon realized that it would be important for any instrument devised to be 
generalisable for all levels of walking ability. Thus it was necessary to consider the 
spectrum of subjects from those who could walk normally to those who could only walk if 
they used a ‘whole-body support system’.  The researcher intended to assess all subjects on 
the continuum of walking development. 
 77
  
 
Figure 3.1  
Trunk Hip Knee Ankle Foot Orthosis (THKAFO) 
 
Figure 3.2 Doll in THKAFO  
and ORLAU RSWF 
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 The support factors are shown in Table 3.1. The support of a person can be applied via the 
shoulders, trunk, pelvis or hands.  Orthoses may support the whole body with a trunk, hip, 
knee, ankle foot orthosis (THKAFO); the leg, with a knee, ankle foot orthosis (KAFO); 
below the knee with an ankle foot orthosis (AFO), at the ankle with a supramalleolar 
orthosis (SMO) and the latter are often used with prescription footwear.  
 
Type of Support Area of Support 
Shoulders 
Trunk 
Pelvis Adult 
Hands 
THKAFO 
KAFO 
AFO 
SMO 
Orthosis 
Prescription footwear 
David Hart Walker 
Mullholland Walker 
Modified Mullholland 
Walker 
ORLAU RSWF 
Arrow Walker 
ORLAU rollator 
Cheyne Walker 
K Walker 
Rollator 
Rifton Walker 
Quadripods/Tripods 
Elbow Crutches 
Sticks 
Walking Aid 
Other 
 
Table 3.1 Level of support 
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 There are a number of wheeled walkers which provide partial weight relief; the David Hart 
Walker (DHW) (Wright et al. 1999), the ORLAU rear support walking frame, (ORLAU 
RSWF) Figure 3.2,  
  
Figure 3.3 Mullholland 
Walkabout with standard fittings 
Figure 3.4 Modified Mullholland 
Walkabout with THKFAO 
 
the Mullholland Walkabout, (MW) Figure 3.3 and the modified Mullholland Walkabout 
(MMW) in Figure 3.4.  The DHW and ORLAU RSWF are used with a THKAFO whereas 
the MW although it can be used alone has to be modified for attachment of a THKAFO, as 
the MMW.  The Arrow, Rifton walkers and MW use a ‘saddle’ to provide support.  These 
walkers ( Figures 3.5-3.7) and Cheyne walkers (not illustrated) provide some trunk support 
and also use hand rails or handles, so that arms may be used to support body weight and 
stabilize the trunk.  
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Figure 3.7 
Arrow Walker   
 
Figure 3.5 
ORLAU Rollator 
Figure 3.6 
Rifton Pacer 
Rollators and K-Walkers (Figure 3.8) are again wheeled walkers but support and 
stabilization is through the arms, although children sometimes use the rear bars of the K-
Walker for additional support.   
Sticks, crutches and tripods need to be lifted and placed during walking and require a 
higher degree of postural control than any wheeled walkers.  Tripods will stand without 
support so are less challenging to use than elbow crutches or sticks. Elbow crutches 
provide contact to the forearm and hand and thus can give more support than a stick alone.  
 
Figure 3.8 
Kaye Walker 
 
A system was devised to score the amount of support used to walk. (SWAM1, Appendix 
3.1).  This gives a high score to a high level of support and a score of zero to unsupported 
walking. 
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 3.2.2  Trunk and head posture 
Head posture is described as normal, reduced or poor.  The asymmetrical tonic neck reflex 
(ATNR) can be observed during walking in some children with CP.  Thus when the head 
turns to one side, e.g. to the right, then the right elbow extends and the left elbow flexes.  
Bleck (1975) recognized that persistence of this reflex can indicate a poor prognosis for 
independent walking but its automacity could be used therapeutically to induce muscle 
action and joint movement. 
Trunk posture may be erect, inclined forwards or backwards and may be symmetrical or 
asymmetrical.  Asymmetry is more easily identified when the subject is as viewed from the 
front.  
 
3.2.3  Descriptors for foot-ground contact 
Foot-ground contact is noted at initial contact, midstance and terminal stance.  The toes-
only, the whole foot or heels-only may be in contact with the floor at any of these times. 
 
Descriptions of level of support, head and trunk posture, foot-ground contact were 
developed by the researcher. (Appendix 3.1) 
 
3.2.4  Descriptors for intra-limb coordination during gait events. 
The Edinburgh gait score (Read et al. 2003) and other visual gait scores (Lord et al. 1998; 
Dickens and Smith 2006) use descriptors to guide raters, thus the researcher developed 
descriptions of features of gait that change during maturation or are seen in the gait of 
children with cerebral palsy.   
Maluoin et al. (1999) noted changes in the quality and quantity of steps.  During early gait 
maturation the base width (i.e. the distance between the feet in the frontal plane) decreases 
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 in normal children and step length increases (Burnett and Johnson, 1971). In cerebral palsy 
scissoring (when the legs cross over in the frontal plane) compromises step width.  The 
researcher initially defined continuous stepping, step length and double support to assess 
steps.  Scissoring was given a number of descriptions ranging from the feet being widely 
placed to legs crossing.  The descriptors for these features (continuous stepping, step 
length double support and scissoring) can be seen in SWAM1 Appendix 3.1. 
 
As the temporal parameters alter there are associated changes in ankle position at initial 
contact, with toe or flat foot contact maturing to heel contact, thus indicating in the relative 
positions of knee and ankle joints that a change in intra-limb coordination occurs.  In 
children with cerebral palsy the base width is often compromised by scissoring of the legs; 
the result of adduction and internal rotation of the legs.  This contributes to their balance 
problems and is likely to inhibit the development of normal intra-limb coordination.   
 
During her clinical work the researcher had noted apparent differences of within limb 
coordination in CP compared to mature normal gait development.  Some CP children 
appear to have retained synchronous hip and knee flexion and synchronous hip and knee 
extension. Some display some dissociation of this tight synchrony and the more able have 
near normal hip and knee co-ordination but lack normal control at the ankle. These total 
limb patterns were provided with descriptors; see SWAM1 Appendix 3.1. 
 
Normal gait events as shown in Chapter 1 are described (Gage, 1991) as follows; 
 
Initial contact is the point at the start of the gait cycle when the foot makes contact with 
the ground (0-2% of gait cycle) 
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 Loading response is the phase when the weight is taken onto the front limb and is 
complete at other toe off. 
Midstance is when the when the pelvis is above the foot and the contra-lateral limb is 
passing the stance limb. 
Terminal stance is when the hip and knee extend so that the trunk is in advance of the foot 
and the contra-lateral limb is in terminal swing. 
In Pre-swing the heel rises and the hip flexes to produce knee flexion.  The contra-lateral 
limb has made ground contact. 
Swing phase gives limb advance and can be subdivided into initial or early swing, mid-
swing and terminal swing. 
 
The researcher has observed the gait of children with cerebral palsy in the course of her 
work but to clarify the descriptions of their intra-limb coordination studied video 
recordings of a number of children walking.  Video of a normal subject in the researcher’s 
normal data base and video from 5 children with cerebral palsy who used walking aids (K-
Walker or tripods) and had given permission for their data to be used for research were 
identified from patient records.  This data was viewed by the researcher using a freeze-
frame video-playback system.  The researcher considered the gait cycle events listed above 
and derived descriptions of the intra-limb coordination that these children used.  The 
researcher omitted initial contact as this is an instantaneous occurrence and thus there is no 
relative motion between joints.  It was also decided to combine terminal stance and pre-
swing because some children with cerebral palsy fail to achieve the hip and knee extension 
seen in normal terminal stance and had premature hip and knee flexion thus making it 
difficult to distinguish between the terminal stance and pre-swing phases of the gait cycle.   
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 These descriptors are shown in SWAM1 (Appendix 3.1).  Each descriptor was given a 
category (e.g. CS and SS are used for Continuous Stepping with CS when the subject is 
able to keep stepping or SS when the subject starts and stops stepping).   
In SWAM1 descriptions of two total limb patterns were defined. 
Intra-limb coordination is described during terminal swing, loading response, midstance, 
terminal stance/preswing, early swing and mid-swing. 
 
The descriptors and categorical scores were tabulated on an information sheet for use by 
raters.  A score sheet was also prepared so that raters could record their scores.  (First and 
second pages of Appendix 3.1) 
 
3.2.5  First revision of descriptors 
The researcher reviewed video data of the 5 children used to prepare the descriptors and 
attempted to score each subject.  The researcher then revised the descriptors.  A further 
limb pattern was included as some CP children develop a stiff knee gait using hip motion 
to provide body advance when the stance limb extends and limb advance when the swing 
hip flexes.  A further definition was added when the total limb patterns described were 
absent. 
Base width between the feet was separated from the descriptions of scissoring that 
considered leg position. Gait cycle events descriptors were amplified. 
The descriptors were give nominal scores rather than categorical scores as this was simpler 
to annotate.  These were tabulated on an information sheet for use by raters.  The score 
sheet was also revised for use by raters when recording their scores. 
The revised documents can be seen at SWAM2; Appendix 3.2 with revised descriptors at 
Appendix 3.3. 
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 3.3  Piloting to test inter-rater reliability 
To further refine the descriptions and investigate the potential for agreement between raters 
an experienced paediatric physiotherapist agreed to pilot testing of this Supported Walking 
Assessment Measure. 
 
3.3.1  Null hypothesis 
The null hypothesis was that there is no agreement between two raters using the descriptors 
developed by the researcher. 
 
3.3.2  Method 
3.3.2.1  Data preparation 
The researcher identified a further 5 CP children whose parents had consented to their data 
being used for research.  These were different children to those used by the researcher to 
develop the descriptors. They were also obligatory users of walking aids.  Videos were 
then viewed to ensure that coronal views (front and back) and lateral views (left side and 
right side) were available of the child walking with the aids.  These video data were edited 
to show a sample of each view, anonomysed and digitally recorded.   
 
3.3.2.2 SWAM scoring 
The researcher and other rater were provided with the video clips, descriptors and score 
information (SWAM2 Appendix 3.3) and SWAM score sheets (SWAM2, Appendix 3.2) 
for each subject.  They independently reviewed and scored the data from 5 CP children.  
The data was collated and is presented at Table A3.1, Appendix 3.5. 
 86
 3.3.2.3  Second revision of descriptors 
The score sheets from the two raters were compared for points of agreement and 
disagreement.  The raters met to review their results.  The reasons for disagreement were 
identified by reviewing and discussing the video data together.  
 
There was agreement about the level of support, trunk and head posture and foot/ground 
contact between the two raters.  Descriptors were refined to give a final version SWAM3 
(Appendix 3.4). There was complete disagreement about double support so this measure 
was removed.  Modifications to step length were made and foot progression added to the 
descriptors; these together with base width were used to describe relative foot position.  
Early swing was renamed initial swing.  Changes included the amendments of descriptions 
of terminal stance/preswing, initial swing and mid swing.  A way of indicating that a child 
was wearing an Ankle Foot Orthosis (AFO) was added to the instructions on scoring.  
Revised scoring sheets are shown at Appendix 3.3. 
 
The raters then reviewed the video data again some one month after the first rating 
sessions.  The video order was randomized again and used with Appendix 3.4 descriptors 
to score the score the video clips.  The data was collated and is shown at Appendix 3.5 
Table A3.2.   
 
3.3.3  Results 
3.3.3.1  Inter-rater agreement 
Three children used K Walkers, one used tripods and one used a rollator.  There was 
agreement between the raters as to posture and foot ground contact.  Results from rating 
using SWAM assessment of lower limb coordination during gait events are in Appendix 
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 3.5.  SWAM2 results are reported in Table A3.1 and SWAM3 in Table A3.2.  The data 
where the raters disagree is emboldened on these tables. 
SWAM2 results show lack of agreement between the 2 raters; most evident in step length, 
double support  and descriptors of the three elements of swing phase.  Agreement was 
better when SWAM3 was used, with raters agreeing on stepping, scissoring, total limb 
pattern, loading, midstance and terminal stance/preswing for all subjects.  
 
3.3.3.2 Statistical analysis 
The percentage agreement was calculated was used to assess inter-rater reliability for the 
scores using SWAM2 and SWAM3.  The full results are shown at Appendix 3.5 and 
summarized in Table 3.2. 
 
There are 12 descriptors for each limb of 5 children giving a total of 120 data.  Using 
SWAM2 there were 53 points of agreement (44%) which improved to 104 points of 
agreement (86%) after revising the descriptions in SWAM3. 
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SWAM 2 SWAM 3 
Descriptor % Agree Descriptor  % Agree 
Continuous Stepping 80 Continuous Stepping 100 
Step Length 20 Step Length 70 
Double support 0 Foot Progression 80 
Scissoring 40 Scissoring 100 
Base Width 70 Base Width 90 
Total Limb Pattern 80 Total Limb Pattern 100 
Terminal Swing 40 Terminal Swing 40 
Loading 60 Loading 100 
Midstance 70 Midstance 100 
Terminal Stance/ 
PreSwing 20 
Terminal Stance 
/PreSwing 
100 
Early Swing 30 Initial Swing 80 
Mid Swing 50 Mid Swing 70 
 
Table 3.2 Percentage agreement for SWAM parameters 
 
Cohen’s Kappa is a statistical technique that is used to estimate the agreement between 2 
raters.  However, it is only appropriate to use this statistic when the raters use all the 
categories in the scoring system.  It can be seen Appendix 3.5 that not all the categories are 
used for each descriptor. 
 
These results show that although there were improvements in the agreement with the 
revised descriptors and for some features (e.g. Loading) there was excellent agreement; for 
other features (e.g. Terminal Swing) the agreement was still only ‘fair’.   
 
3.4  Testing the validity of SWAM 
Alongside the investigation of inter-rater repeatability the validity of this method of 
measuring intra-limb motion was considered.  Validity describes the degree to which the 
instrument measures the intended topic.  External validity is when the measurement for the 
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 new instrument agrees with a gold standard measure (a previously validated measure).  
Face validity is when a measurement tools appears subjectively to measure the matter in 
question.  Construct validity is the amount to which the scores agree with underpinning 
theory.  (Seale and Barnard, 1998)  
 
The researcher thought that it might be possible to grade the degree of abnormality of the 
gait cycle events described in SWAM3.  It was thought that these might be related to the 
total limb patterns and thus demonstrate internal validity. 
 
3.4.1  Null hypothesis 
Thus the null hypothesis was that there would be no grouping of gait event descriptions to 
categorize intra-limb coordination into total limb patterns described. 
 
3.4.2  Method 
SWAM3 descriptors’ impairment level were classified as:  
N normal, P Pathological,  AD Abnormally delayed,  MP Mildly Pathological,  SP 
Severely pathological,  PS Primitive Stepping 
The researcher allocated these categories to the gait cycle event descriptors.  These are 
shown at Appendix 3.4. in the first column after the descriptors.  In the next column the 
researcher allocated descriptors to total limb patterns.  
 
3.4.3  Results 
With the exception of Terminal Swing descriptor 3 and Initial swing descriptor 1 
(SWAM3, Appendix 3.4) the researcher was able to categorize descriptors with the 
impairment level.   
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 The researcher was, however, unable to allocate each descriptor to a single total limb 
pattern, e.g mid swing has 4 descriptors classified as having total limb pattern 3 (See 
SWAM3, Appendix 3.4). 
It was not therefore possible to demonstrate internal validity. 
 
3.5  Discussion 
Difficulties were encountered with adequately describing the subtle differences in the gait 
event periods in a way that distinguished between in phase joint motion and out of phase 
joint motion.  This resulted in an extensive list of descriptions for some events e.g. terminal 
stance with 10 choices.  Groupings of these events did not easily separate into different 
total limb patterns so internal validity could not be demonstrated by the researcher. As a 
result this effect was not piloted with the other rater. 
 
The researcher wished to identify synchronous hip and knee extension in terminal swing as 
it could indicate retention of a primitive stepping action. This would show an important 
persistence of early reflexive stepping discussed in Chapter 2.  The agreement between 
raters for this feature was only 40% and thus this key aspect of SWAM lacked reliability.  
Further work would be required to re-word the descriptor for this feature if the SWAM was 
to be sensitive to this manifestation of primitive stepping.   
 
Although rater agreement for many features had improved with redefinition of descriptors 
it was not possible to demonstrate internal or external validity for this approach; thus 
validation of this qualitative method proved impractical at this time.  If validity had been 
the demonstrated then further work would have considered intra-rater and inter-rater 
repeatability using more raters and a larger more diverse sample of children with cerebral 
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 palsy.  It would then have been appropriate to use the Kappa statistic, which allows for 
agreement occurring by chance, to estimate intra and inter-rater reliability.  
 
At this point the researcher decided that it was unlikely that these issues could be resolved 
at this time to provide a robust measure.  Efforts were therefore concentrated on 
development of a quantitative measure of lower limb coordination. 
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 Chapter 4  Developing a quantitative measure of intra-limb coordination 
 
This chapter describes the iterative process used to develop a technique to measure intra-
limb coordination.  Initially it was thought that an extension of the approach using 
angle/angle diagrams (De Bruin et al. 1982) could be used.  In their work they used 
electrogoniometers to measure joint angles during walking.  In their paper they 
demonstrate the differences between normal and CP gait by plotting hip angle against knee 
angle.  This showed the smaller area enclosed by the relative joint motion of the CP 
children compared to the normal children.   
The researcher intended to use electrogoniometers or an opto-electrical tracking system 
(Vicon) to collect data of joint angles during walking of children with cerebral palsy and 
normal children.  To this end a technique was devised to consider the agreement between 
Vicon motion analysis system and electrogoniometers in measuring joint angles.  
Agreement between the two measurement systems, however, was poor for angle 
dimensions.  It was then noticed that the timing of maximum and minimum joint angles 
appeared to coincide, thus offering the potential to identify changes in the direction of the 
movement of joints to quantify the relative motion of joints.  The 95% limits of agreement 
were calculated but the agreement between the two measurement systems 
(electrogoniometers and Vicon) was barely acceptable for these timings.  A new concept, 
based on timing, using Vicon data was then derived.
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 4.1  Introduction 
Angle/angle diagrams of hip and knee joint angles have been used to express intra-limb 
coordination (De Bruin et al.  1982).  In Figure 4.1 hip angle at each data point, during the 
gait, is plotted against the knee angle.  This data is from a normal 7 year old boy. 
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Figure 4.1 Normal hip and knee angle/angle plot 
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Figure 4.2 CP hip and knee angle/angle plot 
 
Figure 4.2 shows the angle/angle plot of hip joint angles in degrees plotted against knee 
joint angles in degrees for each data point during a single gait cycle from a boy with 
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 cerebral palsy aged 8 years.  It can be seen that the area enclosed differs in this CP child, 
being of reduced area compared to that of the normal child in Figure 4.1.  It was thought 
that a technique to quantify these differences could be usefully developed.   
 
Infant stepping shows tight synchrony between hip, knee and ankle joints.  To explore the 
degree of relaxation of this synchrony in mature gait, a technique that considers the motion 
of adjacent joints should be applied to hip, knee and ankle joints in children.  The aim at 
this stage of the work was to develop a technique that could be applied to independently 
walking children and to those who use an extensive support system.  
 
Routinely 3D data is collected in the researcher’s gait laboratory for children who can walk 
independently or who use some walking aids, e.g. K-Walker.  There are, however, 
occasions when the reflective markers are obscured when aids are used, e.g. by the hand 
position on walker being very close to the marker placed on the skin over that anterior 
superior iliac spine.  It can be impossible to place these markers to the standard marker 
placement protocol, e.g. when the child wears an orthosis that covers normal site of a 
marker.  Electrogoniometers are placed over the joint to be measured and are not 
dependent on external measurement of their position in space.  Other researchers have used 
electrogoniometers to measure joint motion during walking (Rowe et al.  2001) and 
therefore the researcher thought that using electrogoniometers might allow measurement of 
walking of children using extensive walking systems as shown in Figure 3.2.  This would 
only be possible if joint motion data collected by using different instrumentation was in 
agreement and could therefore be used interchangeably as this would increase the utility of 
the technique.  
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 4.2  Preparatory work 
The researcher was experienced in the placement of the reflective markers used in the 3D 
system but less familiar with applying electrogoniometers, so prior to testing, for 
agreement between measurement using electrogoniometers and reflective markers, the 
researcher practised placing the electrogoniometers on a single adult subject. 
 
4.2.1  Practise electrogoniometery 
Three sessions were spent practising application of the electrogoniometers and recording 
the data through the supplied Biometrics software.  Prior to application of the goniometers 
each goniometer was set at zero with the goniometer held against a straight edge on a flat 
surface.  Data were recorded for each goniometer as it was moved from +90° to -90° and 
returned to zero.  These data were used to calculate the units per degree for use in 
processing the electrogoniometeric data.  
 
An electrogoniometer placement method was developed with the subject in the lying 
position.  This position was used as those children with cerebral palsy, with the greatest 
difficulty in walking, also find it difficult to maintain a steady standing posture normally 
used for the applying reflective markers for the Vicon data collection.  Bi-directional 
electrogoniometers were applied to both hips, knees and ankles of the subject.   
 
Joint centres were identified by palpation and marked on the skin.  For the hip the top of 
the greater trochanter is level with the hip joint centre, for the knee the lateral epicondyle is 
used and for the ankle the tip of the lateral malleolus.  The goniometers were centred over 
the joint centres.  Footswitches were applied under each heel and under the metatarsal 
heads.  Then both channels of each electrogoniometer were connected via a data-link 
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 interface to a personal computer.  Data were collected for the subject in lying, in standing 
and from 3 walks.  The maximum and minimum values for hip, knee and ankle angles 
were identified and used to calculate the range of motion (ROM) at each joint.  The mean 
hip, knee and ankle ranges of motion and standard deviation are given in Table 4.1. 
 
 
Mean 
Range of 
motion 
StD 
Coefficient 
of variation 
Hip 25.77 ±3.81 14.7% 
Knee 55.15 ±2.34 4.2% 
Ankle 35.71 ±4.25 11.9% 
 
Table 4.1  Mean range of motion measured using electrogoniometers. 
 
4.3  Method 1: comparing normal marker protocol, and extra marker protocol data 
with electrogoniometry 
The researcher tested the intra-system repeatability using the coefficient of multiple 
correlation and the inter-system agreement using the limits of agreement using data 
collected simultaneously by the 2 systems.  The researcher applied the electrodes and the 
markers to same subject on 3 occasions; but data collection was only successful on 2 
occasions. 
 
4.3.1  Marker placement protocols 
In the researcher’s laboratory routine marker placement protocol reflective markers are 
placed on the anterior superior iliac spines, on the sacrum at the mid point between the 2 
posterior iliac spines; over the 2nd metatarsal head (MTH); on the lateral malleolus; on the 
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 posterior aspect of the calcaneum at the height of the marker on 2nd MTH and with wand 
markers on the thighs and shanks.  Knee alignment devices (KADS) are used to identify 
knee joint axis during the static trial.  These comprise a spring-loaded clamp that is placed 
on either side of the knee and has three reflective markers orthogonally aligned with each 
other.  These are used in the standing trial to identify the knee joint centre and axes.  Each 
KAD is replaced with a single marker before walking data is collected.  When 
electrogoniometers were used, these normal locations for knee markers and ankle markers 
were obscured by the electrogoniometers.  Therefore, 3 extra markers were placed on the 
anterior thigh, over the fibular head and on the anterior surface of the lower shin.  These 
markers were used to create virtual knee and ankle markers.  Dr Caroline Stewart, Senior 
Bioengineer (ORLAU) wrote the software to process the data collected using these extra 
markers. 
 
A consented adult subject was used to investigate the agreement between data from 
electrogoniometers and the 3-dimensional Vicon system.  Data were recorded from 10 
walks with electrogoniometers and markers, and 10 walks with reflective markers only.  
The data were collected through the Vicon motion capture system.  This was processed to 
give joint angles at hip, knee and ankle for each gait cycle.  Data were calculated at 2% 
intervals of the gait cycle.  (A gait cycle starts with initial contact of the foot on the ground 
and ends when the same foot making ground contact).  
 
Data from the Vicon system using the extra markers were collected simultaneously with 
electrogoniometers measuring hip flexion and extension, knee flexion and extension and 
ankle dorsiflexion and plantarflexion.  After data collection (using these extra markers) the 
electrogoniometers were removed and normal knee and ankle markers applied.  More 
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 walking data were collected before data from a static (standing) trial were collected with 
the knee markers replaced by the knee alignment devices (KADs) and heel markers in 
position.  
 
The static trial is usually performed before the removal of KADS and heel markers and 
placement of the knee marker as a precursor to data collection during walking.  The 
process was reversed so that the extra markers could be positioned around the 
electrogoniometers.  Data were collected on 3 occasions but a number of files from the 
second data set were corrupted so just 2 data sets were processed. 
 
4.3.2  Results 
4.3.2.1  Marker placement protocols 
Kadaba et al. (1989) have used the coefficient of multiple correlation (CMC) to compare 
the continuous data of individual gait cycles with respect to their repeatability.  It was 
calculated using the formula below 
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 Where N=number of subjects 
T=number of trials 
M=number of occasions 
 And  is the tth time point (of T) of the jth run (of N) on the ith test day(of M) ijty
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 The results in Table 4.2 show that there is a high level of correlation between the data 
collected on the same day and between days for the same subject using the normal Vicon 
marker protocol C and the extra marker protocol B (which can be positioned on the subject 
when electrogoniometers are in place.)  The CMC values are approaching 1 which would 
indicate perfect correlation. 
 B Extra 
Marker 
C Standard 
Marker 
B/B between 
days 
C/C between 
days 
B/C 
Hip 1.00 1.00 0.98 0.98 1.00 
Knee 0.99 0.99 0.98 0.98 0.98 
Ankle 0.98 0.98 0.98 0.99 0.99 
 
Table 4.2 CMC for 2 marker protocols 
 
 
4.3.2.2  Electrogoniometry  
 
For each walk: right and left hip, knee and ankle motion in the sagittal plane was calculated 
from 2 Vicon modes or from the Vicon and electrogoniometers combination. 
 
The CMC for goniometry in Table 4.3 appeared acceptable, with values above 0.9, except 
for the hip on day 2 where the CMC is only 0.85.  The researcher noted the lower values 
for electrogoniometry and thus felt more cautious about the repeatability of the goniometry 
than marker placement repeatability. 
 
Hip Knee Ankle 
Day 1 0.98 0.99 0.98 
Day 2 0.85 0.96 0.95 
Day1/Day2 0.92 0.98 0.97 
 
Table 4.3 CMC for electrogoniometry 
 
 
4.3.2.3  Comparing range of motion of joints 
Table 4.4 shows the results of the range of motion from the subject’s left leg of the Vicon 
data collected simultaneously with electrogoniometric data.  The range of motion at hip, 
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 knee and ankle joint was calculated by subtracting the minimum joint angle from the 
maximum joint angle for each joint during 10 recorded gait cycles.  In Table 4.4, right 
hand column, published data (Steinwender et al.  2000) of normal children is shown for 
comparison with the researcher’s data.  The lower values for the electrogoniometers 
suggests that they were failing to track the full range of motion at hip and knee as collected 
with the marker system.  It was also noted that the subject was using a larger range of ankle 
motion in all trials recorded (see Table 4.1 and Table 4.2) 
 
 
 Test 1 Test 2 
 Marker EleG Marker EleG 
Normal 
From 
Steinwender 
Ankle 40.51 
±1.95 
27.47 
±2.29 
38.68 
±3.33 
24.07 
±2.69 
25.8 
± 8.5 
Knee 57.90 
±2.30 
43.25 
±2.11 
60.44 
±2.29 
43.41 
±2.30 
59.0 
± 1.4 
Hip 46.03 
±1.94 
23.36 
±1.38 
47.51 
±2.08 
30.9 
±2.69 
48.8 
± 3.0 
 
Table 4.4 ROM in degrees from Vicon and goniometers systems 
 
 
The results show an unacceptable level of agreement between the two measurement 
systems as there are differences between systems at the ankle of 14 degrees, at the knee of 
16 degrees and 20 degrees at the hip.  The marker data for hip and knee are in agreement 
with the data published by Steinwender et al. (2000). 
 
4.4  Revision of electrogoniometer placement protocol 
Further details of the technique of electrogoniometers placement were explored by 
contacting Dr Philip Rowe (2003) who has used electrogomiometers in his research on 
movement in orthopaedic conditions.  He suggested that the problem was most likely to be 
due to skin movement artefacts and that this can be reduced by applying some wedging 
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 underneath a plastic strip (to ensure sagittal plane alignment) and then fixing the 
electrogoniometers to the plastic strip.  
 
4.4.1  Method (revised electroniometer placement protocol) 
The original subject agreed to continue acting as a model and a further subject was 
recruited.   
 
The electrogoniometer placement technique was modified.  The researcher used double 
sided sticky tape to attach a plastic strip to each electrode mount.  Evasote wedging was 
then applied to the subject’s skin and the electrogoniometer supported by the plastic strip 
and the wedges were then aligned with the joint centre and parallel to the sagittal plane of 
the limb. 
 
Data were collected as described above with extra markers placed on the subject for 
simultaneous Vicon and electrogoniometric data collection  
 
4.4.2  Results (revised marker placement protocol) 
Range of motion during gait in the lower limb joints was calculated for both subjects from 
the Vicon and electrogoniometric data.  Results of mean differences between ROM 
measured by Vicon System (C) and electrogoniometers (A) are shown in Table 4.5. 
There appeared to be an improvement in the tracking at the knees and ankles for subject 2 
only, when compared to results in Table 4.4 with smaller differences between the 2 
measurement systems. 
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 Subject 1 Subject 2 
 Range 
Difference C/A
Range 
Difference C/A 
Hip 16.61 20.88 
Knee 17.03 8.68 
Ankle 14.61 11.35 
 
Table 4.5 Mean differences between measurement of range of motion using Vicon and 
electrogoniometer systems 
 
 
There is still a clear lack of agreement which persists at all joints.  
 
4.4.3  Interim conclusion 
It seemed unwise to attempt to use the electrogoniometers and our opto-electrical tracking 
system interchangeably due to the lack of agreement between the 2 systems.  The difficulty 
in achieving acceptable repeatability in electrogoniometeric placement was shown in the 
results Table 4.4.  The improvements achieved after modifying the goniometeric placement 
protocol were still insufficient for the researcher’s purpose.  These findings caused the 
researcher to devise a further test of tracking the range of motion by using orthotic 
uniplanar hinges. 
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 4.5  Dynamic test using jointed orthosis 
This experiment was carried out using a jointed orthosis, the variable specification 
orthosis, VSO, (see Fig 4.3). This has a known range of motion at the hip of 115° and knee 
of 120° and could be used for a dynamic test.   
Figure 4.3 VSO 
used for testing 
electrogoniometers 
4.5.1  Method  
The electrogoniometers were zeroed as described above.  Then the electrogoniometers 
were attached to the VSO with double sided sticky tape, such that one goniometer was 
centred over the orthotic hip joint centre and the second goniometer over the orthotic knee 
joint centre.  Data were recorded as each joint was moved through its full range of motion 
three times. 
 
4.5.2  Results (dynamic testing with a jointed orthosis) 
The following results, expressed graphically show the data recorded when the hip joint 
(Figure 4.4) and then the knee joint (Figure 4.5) were moved through a full range of 
motion 3 times.  
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Figure 4.4 Orthotic hip joint motion 
 
 
Orthotic Knee Joint
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Figure 4.5 Orthotic knee joint motion 
The electrogoniometers were attached to the orthosis with adhesive tape and were able to 
track the known range of motion of the orthotic joints.  Table 4.6 shows the range of 
motion at the orthotic hip and knee joints. 
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 Hip Knee 
Extension 14.9 7.2 
Flexion 100.7 114.1 
Range 115.6 121.3 
 
Table 4.6 VSO joint angles (in degrees) 
These results indicate that the goniometers are able to measure ROM of these orthotic 
joints.  When the alignment remains uniplanar the goniometers track the joint motion 
suggesting that the poor tracking experienced when attaching the goniometers to skin is 
probably due to movement of the skin and subcutaneous tissue over the bony landmarks.  It 
is possible to use electrogoniometers to measure ROM on jointed orthoses; this could be 
useful in measuring movement of children using a VSO. 
 
4.5.3  Interim conclusions 
The researcher therefore concluded that it was not practical to use electrogoniometers for 
most subjects; neither could data from the electrogoniometer and Vicon systems be used 
interchangeably when measuring joint angles, due to the very large differences in the range 
of motion measured with the two systems.  This was because there were considerable 
difficulties with accuracy of applying the electrogoniometers with the subject in lying; this 
was compounded by using them with the subject in standing.  In standing the spring, 
around the bimetallic element, kinked and so the original alignment was lost due to the 
change in posture.  The more severely impaired children with cerebral palsy, the ones most 
likely to need extensive walking systems, are likely to have joint deformities thus further 
adding to the difficulties of accurate and repeatable electrogoniometer alignment.  
Additionally the time taken to apply the goniometers was about 40 minutes and this would 
have been difficult for any child subject to tolerate in any event. 
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 Subsequent to this part of the researcher’s work (Pomeroy et al.  2006) has shown lack of 
agreement between electrogoniometers and a Vicon movement analysis system, when 
measuring knee angular velocity during walking in post stroke subjects.  These other 
workers appeared to be confirming the researcher’s ‘viewpoint’, although based on a very 
preliminary study, that this researcher would have been unable to resolve the difficulties 
encountered with the electrogoniometers for her work. 
 
 
4.6  A new approach to intra-limb coordination based on temporal parameters 
 
Whilst studying the graphs of knee angles measured with the Vicon system and with the 
electrogoniometers the researcher noticed that the timing of the maximum and minimum 
values appeared to be closely aligned (within 5% of each other).  This can be seen in 
Figure 4.6. 
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Figure 4.6 Graph of knee angles during gait measured 
with the Vicon system and with electrogoniometers 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This led to a new approach to studying the lower limb coordination that used the timing of 
changes in direction of joint movement to calculate phasic relationships between joints 
instead of plotting angle/angle diagrams.  Data from all the marker and goniometer trials 
were processed to give percentage of the gait cycle timing of peak hip and knee flexion and 
extension.  
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 4.6.1  Results 
Table 4.7 shows the mean values for Vicon and electrogoniometeric data.  The timing is 
expressed as a percentage of a gait cycle.  Variation between the 2 subjects can be seen but 
there appears to be intra-subject agreement for timing of peak and minimum flexion when 
mean values are considered. 
 
Subject 1 Subject 2 Subject 1 Subject 2  
Timing of Mean 
Peak Flexion as 
Percentage of gait cycle
Timing of Mean 
Minimum Flexion as 
Percentage of gait cycle
 
Markers 86.44 82.20 50.67 47.20 R Hip 
 E/goniometer 87.80 83.80 50.20 47.40 
 
Markers 74.67 72.80 42.89 38.80 R knee 
E/goniometer 72.89 73.40 41.78 37.40 
 
Table 4.7  Timing of peak hip and knee flexion and extension expressed as a 
percentage of the gait cycle, comparing subjects and measurement methods. 
 
Agreement was checked by calculating the limits of agreement using a method described 
by Bland and Altman, (1986).  These are calculated from the mean difference ± 2 standard 
deviations of the difference between the two measurement methods and the results are 
shown in Table 4.8. 
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Table 4.8 Timings of peak values as a percentage of the gait cycle; mean, ±standard 
deviation and limits of agreement 
 
These results are also displayed graphically in Figure 4.7.  
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Marker EGonio Mean Diff
Limits of 
Agreement
Hip 85.64±3.75
85.28
±2.49
0.36
±2.75  
-5.14   
to  
5.86   Percent of Gait Cyclefor     
Maximum  Flexion  
Knee 72.67±1.80
72.72
±2.13
-0.05  
±1.92  
-3.89   
to  
7.84   
Hip 49.08±2.40
50.10
±2.48
-1.05  
±2.68  
-6.44   
to  
4.39   Percent of Gait Cyclefor   
Minimum Flexion  
Knee 39.69±2.32
37.90
±3.28
1.79
±2.09  
-2.39   
to  
6.18   
Figure 4.7  Mean % of the gait cycle against the difference 
between the two measurement systems for maximum and 
minimum hip and knee angles 
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 Another way to express the variability of this data is to consider the coefficient of 
variation.  This is calculated by dividing the standard deviation by the mean *100 and this 
gives the following results. 
 
 Hip Knee   Marker E Gonio Marker E Gonio 
Maximum 
flexion 4% 3% 2% 3% Coefficient of variation 
 Minimum flexion 5% 5% 6% 8% 
 
Table 4.9 Coefficient of variation (%) of hip and knee data of the timings of 
maximum and minimum knee angles expressed as a percentage of the gait cycle. 
 
4.7  Discussion 
This preliminary work indicates that there is moderate agreement between the two 
measurement systems in the timing of peaks of extension and flexion.  The two methods 
could be used interchangeably but only when considering timing of the change of direction 
of joint motion.  If however the difference in these timings in normal children and those 
with cerebral palsy are small (in the order of 5% of the gait cycle) then these differences 
would be within the error band of the two systems and thereby mask any differences 
between the normal and CP children. 
 
The idea of using peak values to determine the timing of joint interaction phase change is, 
however, a new approach to measuring lower limb coordination.  The methods used to 
determine timings for the different phases of intra-limb coordination are considered in 
subsequent chapters.  The work to explore this novel temporal approach to quantifying 
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 coordination is explored in this thesis using data collected using a Vicon motion capture 
system. 
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 Chapter 5 Development of a simple quantitative method to measure intra-limb 
coordination 
 
5.1  Introduction 
Data from a database of normal children were used to derive a method for calculating the 
intra-limb joint coordination.  Synchronous hip and knee flexion and synchronous hip and 
knee extension can be identified visually when the hip angle and knee angle are plotted on 
the same graph against percentage of the gait cycle, see Figure 5.1 below.  The inclined 
striped box covers the portion where hip and knee are flexing in phase.  This phase starts 
when the hip is maximally extended and ends when the knee is maximally flexed.  The 
reclined striped box covers the portion of the gait cycle where the hip and knee are both 
extending.  This phase starts when the knee starts straightening after it has reached the 
peak of flexion during loading and ends when the knee is maximally extended.  There can 
be a second period of in phase extension at the end of swing phase as shown with the third 
block of stripes (reclined). 
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Figure 5.1 Hip and knee angles during a single 
gait cycle of a normal child 
 5.2  Method 
Sixteen normal children and their parents agreed to provide walking data for a database for 
use in clinical and research purposes.  ORLAU has a quality management system for all its 
activities.  At Appendix 5.1, the ORLAU quality assurance operating procedure describes 
in detail how reflective markers were placed on the anterior superior iliac spines, on the 
sacrum at the mid point between the 2 posterior 
iliac spines, over the 2nd metatarsal head, on the 
lateral malleolus, posterior calcaneum at the 
height of the marker on 2nd MTH and with 
wands on the thighs and shanks.  Knee 
alignment devices were used to identify knee 
joint axis during the static trial.  These were 
replaced with markers placed on the lateral 
aspect of the knee for ambulatory data 
collection.  Figure 5.2 shows a normal child and 
the researcher.  The child is wearing the normal 
marker set (and the researcher has a marker on 
her nose!) 
Figure 5.2 Child with reflective 
markers 
 
Data were collected for 10 gait cycles for each limb of each subject using Vicon Motion 
Capture System, (Vicon Motion Systems Ltd, Oxford, UK).  When this data is processed 
through the Vicon software then 50 consecutive joint angles (in degrees) are derived for 
each of these 10 gait cycles. 
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 Firstly the intra-limb repeatability of the data being used was ascertained by calculating the 
coefficient of multiple correlation described in the literature (Kadaba et al.  1989) and 
shown in chapter 4 at paragraph 4.3.2.1. 
 
Then an Excel spread sheet was prepared to process the hip and knee data to identify the 
following data points; 
1. Peak hip extension 
2. Peak knee flexion 
3. Maximum knee flexion in stance phase 
4. Minimum knee flexion in stance phase 
 
These data points were then used to calculate: 
• The percentage of the gait cycle between peak hip extension and peak knee 
flexion to give in phase flexion (IPF) 
• The percentage of the gait cycle between maximum knee flexion in stance 
phase and minimum knee flexion in stance phase to give in phase extension 
(IPE) 
• The total percentage of IPF+IPE was subtracted from 100% to give the 
percentage of the gait cycle when hip and knee were in antiphase (AntiP) 
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 5.3  Results 
The 16 normal children, 8 girls and 8 boys, were aged 6-13 years (mean 9.8 years).   
 
In the Table 5.1 the mean values of the intra-subject Coefficient of Multiple Correlation 
(CMC) are shown indicating that there is good repeatability of the shape of the gait cycle 
graphs for hip and knee.  
 
 Hip Knee 
 Left Right  Right 
Mean CMC 0.99 0.99 0.97 0.97 
Std 0.01 0.01 0.01 0.02 
 
Table 5.1 CMC for hip and knee gait cycle kinematics 
 
The mean values and standard deviations, of the three phases, in phase flexion, in phase 
extension and antiphase are shown in Table 5.2.  
 
 IPF 
Mean and SD 
IPE 
Mean and SD 
A/P 
Mean and SD 
Left 20.23%±1.3% 26.68%±2.9% 53.1%±3.33% 
Right 20.28%±1.4% 24.02% ±4.5% 55.7%±4.49% 
 
 
Table 5.2 Mean values of phasic parameters expressed as a percentage of the gait 
cycle 
It can be seen from this data that hip and knee joints work in synchrony for about 45% of 
the gait cycle. Disassociation between hip and knee joints occurs for about 55% of the gait 
cycle.  Tables of the full results are shown at Appendix 5.2. 
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 5.4  Conclusion 
This method initially appeared satisfactory but when the technique was applied to data 
from children with cerebral palsy the results were unsatisfactory.  This was due to the 
relative immobility of the knee joint and the difficulty of identifying maximum and 
minimum values for knee flexion in stance phase.  In the graph of such a subject shown in 
Figure 5.3 it can be seen that it would be more difficult to identify the periods of in phase 
motion of the hip and knee joint. 
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To overcome this difficulty it was necessary to use a more sophisticated way of processing 
the data.  This is described in Chapter 7. 
 
5.5  Post-script 
Preliminary results using this method to process data from 16 normal children were 
presented as a poster at the 17th Scientific Meeting of the International Society for Postural 
and Gait Research 2005 and the abstract published in Gait and Posture (Farmer and 
Stewart, 2005). A copy of this poster is shown in the publications section. 
Figure 5.3  Hip and knee gait cycle kinematics of a CP child 
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 Chapter 6 Lower limb coordination patterns in normal walking 
 
6.1 Introduction 
This chapter describes the intra-limb coordination patterns in the gait of normal children 
and shows how the terminology used relates to the normally used gait cycle events.  This is 
a precursor to Chapter 7 which describes a method of quantifying these parameters in order 
to demonstrate differences in the intra-limb coordination between the gait of normal 
children and those with cerebral palsy. 
The method of shading the graph of hip and knee angles in Chapter 5 has been further 
refined to illustrate intra-limb coordination using the terminology derived by the 
researcher.  This has been used in combination with the gait cycle terminology defined in 
Chapter 1 to describe intra-limb coordination.  Figure 6.1 shows 5 frames from the stance 
phase of the gait cycle.  Frame 1 shows initial contact; Frame 2 loading response; Frame 3 
midstance, Frame 4 terminal stance and Frame 5 preswing.   
1 2 3 4 5
 
Figure 6.1 Gait cycle events of stance phase 
This is to act as an aide memorie.  
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 6.2  Method 
Graphs were prepared showing hip and knee, knee and ankle and hip and ankle motion 
from the data of a normal subject.  Hip and ankle coordination has been included as it 
seems to the researcher that the reciprocal relationship between these joints produces the 
all-important body advance during the stance phase of the gait cycle. (See Figure 6.1) 
 
Shading was then superimposed manually by the researcher.  In-phase motion is shown 
with cross-hatching: inclined when both joints are flexing and reclined when both joints 
are extending.  Antiphase motion occurs when these joints move in opposite directions and 
is shaded green.  The limitations in the measurement technique used in Chapter 5 indicate 
the importance of including a measurement of when the lower limb joints are immobile.  
Periods of joint immobility are shaded in yellow.  I have used the term ‘joint stasis’ (JS) to 
describe joint immobility. 
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 6.3  Results 
6.3.1  Hip and knee coordination 
The interaction between hip and knee is shown in the Figure 6.2 
 
 
 
In early stance phase the hip and knee move in opposite directions with the hip extending 
as the knee flexes.  Next the hip and knee move together as the knee starts and the hip 
continues extending.  The knee is then immobile or ‘in stasis’ at peak extension, briefly, as 
the hip continues extending.  The knee then moves in the opposite direction; flexing, as the 
hip continues extending.  The hip is then briefly immobile, at peak extension, as the knee 
flexes.  The hip and knee then move together flexing both the hip and the knee until the 
knee reaches peak flexion.  After this the knee and hip motion is dissociated with the hip 
flexing as the knee extends.  In the example shown graphically there is then a period of hip 
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Figure 6.2 Hip and knee angles during 
the gait cycle of a normal child 
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 stasis in flexion before the hip and knee extend together to bring the limb to the start of the 
next gait cycle with a further period of antiphase when the hip extends and the knee flexes. 
 
6.3.2  Knee and ankle coordination 
 
In the next figure knee angles and ankle angles are plotted on the same graph. 
 
 
 
Antiphase 80
 
The same colour scheme and shading is used for the knee/ankle figure as for the Hip/Knee 
figure.  There appears to be a predominance of antiphase; this indicates the high degree of 
dissociation between knee and ankle motion during the gait cycle. 
At the start of the gait cycle the ankle plantarflexes as the knee flexes.  Once whole foot 
ground contact is made the ankle begins dorsiflexing as the knee continues flexing.  Next 
the knee starts to extend as the ankle continues dorsiflexing.  In midstance there is a period 
of knee stasis with the knee at its maximum extension; the ankle continues dorsiflexing.  
The knee then begins to flex and this is quickly followed by ankle plantarflexion.  At toe 
off there is rapid ankle dorsiflexion as the knee continues flexing.  Once the knee has 
Knee
Ankle
Figure 6.3 Knee and ankle angles during the 
gait cycle of a normal child 
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 reached peak flexion the knee starts to extend as the ankle firstly continues dorsiflexing 
and then is maintained in dorsiflexion (ankle stasis).  At the end of the gait cycle a brief 
period of knee extension and plantarflexion is followed by knee flexion with ankle 
plantarflexion. 
 
6.3.3  Hip and ankle coordination 
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Figure 6.4 Hip and ankle angles during 
the gait cycle of a normal child 
% of Gait Cycle 
In the final combination of hip and ankle angles the colour scheme is maintained. 
 
The coordination between hip and ankle shows dissociation of hip and knee motion in 
stance phase after an initial brief period of in-phase extension at the hip with plantarflexion 
at the ankle.  The hip extends as the ankle dorsiflexes until the hip reaches peak hip 
extension when this position is maintained briefly as the ankle starts plantaflexing.  The 
hip then moves in opposition to the ankle plantarflexion with hip flexion.  A period of in-
phase flexion ensues before the hip and ankle remain static; before a further brief period of 
in-phase extension.  
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 6.4  Phasic parameters 
The phasic relationships between joint can be described in the following terms: 
• Total in-phase (IP) 
• synchronous flexion also called in-phase flexion (IPF),  
• synchronous extension also called in-phase extension (IPE), (during stance (IPESt) 
and in terminal swing (IPESw) 
• antiphase (AntiP) when joints move in opposite directions 
• when the angle was constant angle or plateauing at the hip (Hplat) at the  knee 
(Kplat), at the ankle (Aplat).  This constant angle is also termed joint stasis thus 
the researcher also uses the terms; hip stasis (HS), knee stasis (KS) and ankle stasis 
(AS) or  
• immobile at either of both joint in the following combinations; hip or knee 
(HKTotPlat or HKTS), knee or ankle (KATotPlat or KATS) and hip or ankle 
(HATotPlat or HATS). 
 
Using this concept of in-phase motion, antiphasic motion and stasis it is possible to 
describe the intra-limb coordination of the lower limbs during gait as demonstrated by the 
graphical representation above.  With further analysis the reader and this researcher may 
deduce the muscle actions required to produce this coordination when kinematic data is 
considered with kinetic data.  This starts to illuminate the complexities of coordination and 
may enable therapists to derive treatment strategies to affect deficits in coordination 
exhibited by children with cerebral palsy.  
 
Although differences between the gait of normal and CP children can be seen when similar 
graphs are produced for CP gait a method of quantifying coordination is required to judge 
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 changes in coordination.  The researcher considers that it is important to quantify 
coordination in order to understand the natural course of the gait disorders and to measure 
and explain treatment effects.  
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 Chapter 7 Quantitative method II; using angular velocity to determine intra-limb 
coordination 
 
In this chapter the method used to process kinematic data using angular velocity to identify 
inter-joint phases during the gait cycle is described.  The threshold value for angular 
velocity that discriminates between CP and normal children is also determined.  If the 
angular velocity threshold is too low this will indicate that movement is occurring between 
2 consecutive data points, when the movement is negligible, and periods of joint stasis will 
be too short: whereas if the angular velocity threshold is too high then periods of joint 
stasis will be too long.  Visual inspection of the kinematic data indicated that normal 
children show brief periods of joint stasis whereas children with cerebral palsy can display 
prolonged periods of joint stasis especially at the knee joint  (Jonkers et al. 2006). 
 
7.1  Method 
7.1.1  Data collection 
Data was collected from two groups of children; convenience samples of normal children, 
recruited from children of hospital staff and their friends, and children with cerebral palsy 
who had attended the researcher’s unit for assessment.  Notes of children with cerebral 
palsy from those most recently seen in the unit were reviewed to identify those who had a 3 
dimensional gait assessment.  Their notes and data were checked for consent to their data 
being used for research and sufficient data (i.e. 5 gait cycles from each limb).  
Twenty children (10 boys and 10 girls) were recruited to each group.  Normal children had 
a mean age 10.1 years (aged 6-15) years and children with cerebral palsy had a mean age 
9.9years (aged 4-14years).  A gross motor function classification system level (GMFCS), 
Palisano et al. (1997), was derived for each child from the ORLAU patient questionnaire 
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 (Appendix 7.1) by answering the questions used in parent questionnaires by Morris et al. 
(2004).  All subjects’ data was collected using the same marker placement protocol as 
defined by the ORLAU Quality Assurance Documentation (Appendix 5.1).  Children 
walked at their self-selected speed.  During the data collection for the unit’s normal 
database 10 walks for each limb were collected but for the purpose of this work data of the 
first 5 gait cycles for each limb were used.  For some of the more impaired children with 
cerebral palsy only 5 data sets were available due to their limited walking ability.  All data 
was captured using a Vicon system. (Vicon Motion Systems Ltd, Oxford, UK).   
 
7.1.2  Data processing 
To set the subjects of this study in the context of previously published data for normal and 
cerebral palsied children, data was processed to give walking speed and maximum, 
minimum and range of motion (ROM) values at the hip and knee during the gait cycle.  
The coefficient of multiple correlation (CMC), [see paragraph 4.3.2.1, (Kadaba et al.  
1989)]  was calculated for the data of the hip and knee sagittal plane kinematics of the 
subject children.   
 
An Excel workbook was created to perform calculations.  This used logical questions to 
determine the type of coordination occurring at each data point and then counted 
coordination types to give the percentage of the gait cycle for the following parameters: hip 
and knee synchronous flexion, (IPF); synchronous extension (IPE); (during stance (IPESt) 
and in terminal swing (IPESw); for antiphase (AntiP) and when the angle was constant at 
the knee (Kplat) or constant at the hip and/or knee (TotPlat).  (The calculations are 
explained more fully overleaf) 
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 Hip and knee joint angle data were imported into sheet 1 of the calculations workbook.  
This comprised 5 rows of data with 50 data points for each joint.  Data for each subject 
were prepared to a standard format.  A spreadsheet was prepared to calculate angular 
acceleration using a 4thorder polynominal for the 50 data points of the gait cycle, using the 
formulae shown at the end of Appendix 7.2.  A macro was written to transpose each row of 
data from sheet 1 into this second sheet and display the angular velocity results in a third 
spreadsheet.  A second macro was used to copy these angular velocity results into a 4th 
spreadsheet.  
 
In this spreadsheet the data was processed with logical and ‘count if’ questions to 
determine the phasic relationships between hip and knee joint.  
 
The threshold of angular velocity was set at 0.1 º/%, 0.075 º/%, 0.05 º/% and then at 
0.025 º/%.  The data was examined to determine if the slope was either greater than  
0.05 º/%  or less than -0.05 º/%; giving a score of +1 if greater than 0.05 º/%, a score of -1 
if less than -0.05 º/%  and 0 if between -0.05 º/% and +0.05 º/%.  The process was repeated 
with the threshold set at 0.1 º/%, 0.075 º/% and 0.025 º/%.  
 
When the score is zero then the joint is considered to be immobile; by counting the number 
of zeros in each row of data the duration of joint immobility or joint plateauing was 
calculated. 
 
By multiplying hip and knee scores the relative motion of the joints was determined.   
111 =×  or , so a score of 1 indicates joints are moving in the same direction, 
thus identifying in-phase motion. 
1)1()1( =−×−
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 )1()1(1 −=−× , so a score of -1 indicates that joints are moving in different directions thus 
identifying antiphasic motion 
001 =×  or 00)1( =×−  or 000 =× , so a score of 0 indicates one or both joints are static. 
By counting the number of scores of 1 or )1(−  the duration of ‘in-phase’ or ‘antiphase’ can 
be calculated for each data set. 
 
The hip and knee scores for each data point were added 
 1+1 = 2  gives positive slope (flexion) 
2)1()1( −=−+−  gives a negative slope (extension) 
And the numbers of scores of 2 or )2(−  counted to give duration of in-phase flexion or in-
phase extension.  
 
A further macro was used to copy these results from these questions into a further 
worksheet which was used to calculate the mean and standard deviations of this phasic 
data. A sample of this output can be seen in Appendix 7.3  
 
The results were then copied to a results workbook. 
 
7.1.3  Data analysis 
The phasic parameter data was analysed using SPSSv15 to compare the data derived from 
normal and cerebral palsied children and determine the lowest threshold value that would 
differentiate between joint stasis and in phase extension in swing phase of normal and CP 
The student’s test was used to compare phasic data of normal and CP children at each of 
the four threshold levels; 0.1 º/%, 0.075 º/%, 0.05 º/%.and 0.025 º/%.    
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 7.2 Results 
7.2.1 Speed 
The mean speed for normal girls was 1.37 m/s and for boys 1.31 m/s.  CP children were 
slower with a mean speed for girls 0.81 m/s and boys 0.82 m/s.  A table for mean speed of 
individual subjects can be found in Appendix 7.4 
 
7.2.2  Range of motion and CMC 
 
 L Hip Flexion R Hip Flexion L Knee Flexion R Knee Flexion 
 Max Min ROM Max Min ROM Max Min ROM Max Min ROM
N 
mean 
38.98 -10.57 49.55 39.45 -10.13 49.58 58.51 0.40 58.12 59.13 0.60 58.53
StD  8.12 5.16 6.65 7.22 5.96 6.83 5.71 3.67 6.14 5.28 4.17 5.52 
CMC 0.99±0.007 0.99±0.006 0.97±0.013 0.97±0.015 
CP 
Mean 
50.02 7.92 42.10 51.09 8.62 42.46 51.09 8.62 42.46 58.21 19.21 39.00
StD 9.30 11.61 10.20 11.37 13.90 9.59 10.28 16.35 12.56 8.75 18.97 15.97
CMC 0.97±0.051 0.97±0.047 0.92±0.108 0.91±0.158 
 
Table 7.1 Mean maximum and minimum angles, range of motion (ROM), in degrees, 
and CMC at hips and knees during the gait cycle of normal (N) and CP children. 
 
Table 7.1 shows the mean maximum and minimum angles, range of motion (ROM) and 
CMC at hips and knees during the gait cycle of normal and CP children.  Individual mean 
ROM results are shown in Appendix 7.5.  Mean maximum hip flexion is increased by 11 
degrees, mean minimum hip flexion increased by 19 degrees and mean ROM reduced by 8 
degrees in CP children showing the more flexed posture at the hip with some reduction in 
hip ROM.  At the knee mean peak flexion is reduced by 7 degrees on the left but just 1 
degree on the right.  The CP children’s minimum knee flexion is greater on the left by 8.2 
degrees and on the right 18.6 degrees and range of motion reduced on the left by 15.6 
degrees and on the right by 19.5 degrees.  The standard deviations of all values are greater 
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 for CP than for normal children.  The CMC at hip and knee is higher for normal than CP 
data; with more variability at the knee show by lower CMC values, especially for CP data. 
 
7.2.3  Slope threshold 
 
Threshold 0.025º/% 0.05º/% 
Limb Phase CP Normal Sig CP Normal Sig 
IP 57.49 52.32 0.025 53.69 50.46 0.18 
IPE 30.96 29.58 0.452 29.05 28.43 0.35 
IPEst 25.02 26.16 0.455 23.64 25.57 0.203 
IPESw 6.10 3.41 0.022 5.71 2.86 0.012 
IPF 26.53 22.74 0.011 24.64 22.03 0.203 
KPlat 4.42 2.28 0.001 9.33 4.16 0.001 
TOTPLAT 6.85 5.02 0.036 14.23 9.74 0.004 
Left 
ANTIP 35.66 42.67 0.001 32.08 39.80 0.001 
IP 57.40 53.87 0.252 52.80 50.89 0.567 
IPE 32.37 30.49 0.382 29.91 28.77 0.623 
IPEst 26.06 26.60 0.785 24.32 25.33 0.636 
IPEsw 6.61 3.88 0.004 6.01 3.18 0.003 
IPF 25.03 23.38 0.287 22.89 22.12 0.621 
KPlat 4.60 1.98 0.002 9.67 4.12 0.001 
TOTPLAT 7.51 4.96 0.026 15.17 9.48 0.012 
Right 
ANTIP  35.09 41.18 0.017 32.03 39.63 0.007 
 
Table 7.2  The percentage of the gait cycle for the phases of hip and knee 
coordination.   
 
 
The results of calculating the phasic parameters at 4 threshold levels (0.1 º/%GC, 0.075 
º/%GC, 0.05 º/%GC and 0.025º/%GC) for the slope of the hip and knee kinematic data are 
displayed in Appendix 7.6.  Results from using the student’s t-test to compare data for 
normal and CP data at each of these thresholds are included.  Those values that are 
significantly different at α=0.01 are in bold.  There are significant differences, bilaterally, 
between knee plateauing, total plateauing, antiphase and in-phase extension in swing phase 
at 0.05 º/% threshold.   
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 7.2.4  Correlations 
In the normal children there is a positive correlation significant at the 0.01 level between 
speed and total in-phase (R), in-phase flexion (R and L) and a negative correlation with 
anti phase(R).  At the 0.05 level of significance there is a positive correlation for total in 
phase (L), in-phase extension in stance (L) and knee plateau (L) and a negative correlation 
with antiphase (L).   
For the CP children speed has a negative correlation that is significant at the 0.01 level 
with a total hip and knee plateau (R and L) and knee plateau (L).  The findings are 
discussed below. 
 
Phasic parameters are not correlated with age at the 0.01significance. 
 
7.3  Discussion 
The kinematic and CMC data for normal children is similar to published data (Steinwender 
et al.  2000). The CP data has lower CMCs than this published data; and is more marked at 
knee level.  Some of the CP children in this study may be more severely affected than the 
CP children whose data were published in the study (Steinwender et al.  2000).  Although 
all subjects were diplegic there is asymmetry at knee level in maximum and minimum hip 
and knee angles and ranges of motion.  This suggests that some CP subjects were more 
affected on the right, others on the left and some were symmetrically affected.  Future 
work describing lower limb coordination in CP children could involve research to 
distinguish between symmetrical and asymmetrical diplegics, thus indicating their 
principally affected limb. 
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 Some of the CP subjects had a markedly stiff knee gait; this is demonstrated by the mean 
difference 5.4% increase of the knee plateauing of and with further stiffness at hip level 
giving an increase total plateauing of 9.9%.  Antiphase is decreased in CP children by 
7.7%.  There is an increase in hip and knee extension in terminal swing phase with the 
mean difference between normal and CP being 2.8% of the gait cycle.  In supported 
stepping and early independent walking there is tight synchrony between hip and knee 
action, but as the gait matures dissociation of hip and knee motion occurs.  As the period of 
antiphase was lower in CP children this suggests that there was a lack of dissociation.  This 
may be the consequence of the arrested motor development proposed by Lin (2000).  
 
A number of features appear to differentiate between hip and knee coordination of normal 
and CP children.  If, however, the threshold is very low, periods of plateuing or joint stasis 
will be reduced and if the threshold is high they will be increased.  With the threshold set at 
0.025 º/% GC plateauing was 2% GC whereas it was 8% GC when the threshold was set at 
0.1º/% GC.  If one considers the normal hip/knee graph (Figure 6.2) then the 4% GC given 
by 0.05 º/%GC appears more acceptable.  Other parameters of interest are also 
significantly different when the slope threshold is 0.05 º/% GC.  This suggests that the 
threshold value of angular velocity (0.05 º/%GC ) could be used in future work to identify 
these variations in lower limb coordination.  Feedback supports this view. (Farmer et al. 
2008). 
 
Using a threshold slope of 0.05 degrees percentage of the gait cycle discriminates between 
the gait of normal and CP children.  Although phasic relationships are correlated to speed 
the in phase parameters correlate for normal children whereas there are negative 
correlations with joint immobility for CP children.  So in conclusion, this method of 
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 processing the kinematic data gives a measure of intra-limb coordination and was therefore 
applied to knee/ankle and hip/ankle coordination.  The results of calculating the phasic 
parameters for the normal and CP children are presented in Chapter 8. 
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 Chapter 8  Phasic parameters of intra-limb coordination of normal children and 
children with diplegic cerebral palsy 
 
8.1  Introduction 
This chapter gives the results of quantifying the lower limb intra-limb coordination during 
walking when the technique described in Chapter 7 is applied to knee/ankle (KA) and 
hip/ankle (HA) coordination as well as the previously considered hip/knee (HK) 
coordination.   
 
8.2  Phasic parameters of normal intra limb coordination in walking  
Data from and 20 normal children were processed to give the percentage of the gait cycle 
for the following parameters 
• Total In-phase (IP) 
• synchronous flexion (IPF)  
• synchronous extension IPE, (during stance (IPESt) and in terminal swing (IPESw) 
• antiphase (AntiP) when joints move in opposite directions 
• when the angle was constant angle at the hip (HS) at the knee (KS), at the ankle 
(AS) or  
• immobile at either of both joint in the following combinations; hip or knee 
(HKTS), knee or ankle (KATS) and hip or ankle (HATS). 
 
To simplify presentation in the Table 8.1 values for IP and IPE have been omitted and 
values for IPESt, IPESw and IPF included.  IPE can be calculated by adding IPESt and 
IPESw and IP can be calculated by adding IPE to IPF.  The results of quantifying these 
parameters are shown in Table 8.1 (The reader may wish to refer to Chapter 5 where 
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 graphs are shown which illustrate these phasic parameters for normal subjects).  The 
results are expressed as a percentage of the gait cycle; the mean values and standard 
deviation are given. 
    Hip/Knee Knee/ Ankle Hip/Ankle 
Stance 25.48 ±2.70 
1.8 
±3.06 
9.45 
±3.58 Extension 
Swing 3.22 ±3.07 
6.24 
±3.87 
3.17 
±2.88 
In 
Phase 
Flexion  22.32 ±3.8 
19.65 
±2.29 
21.54 
±2.97 
Ankle not moving  9.65 ±3.54 
9.65 
±3.54 
Knee not moving 4.33 ±1.15 
4.33 
±1.15  
Hip not moving 6.12 ±2.74  
6.12 
±2.74 
Plateau 
Total Stasis 9.74 ±1.89 
13.64 
±2.97 
14.66 
±4.25 
 
 
 
 
 
 
Right
Gait 
Cycle 
Antiphase 39.21 ±5.31 
58.67 
±4.76 
51.18 
±6.41 
Stance 25.25 ±3.01 
2.15 
±3.07 
10.58 
±4.04 Extension 
Swing 3.05 ±3.02 
7.57 
±3.55 
3.27 
±2.4 
In 
Phase 
Flexion  22.15 ±3.6 
19.2 
±3.21 
20.76 
±3.18 
Ankle not moving  8.98 ±2.62 
8.98 
±2.62 
Knee not moving 4.41 ±1.47 
4.41 
±1.47  
Hip not moving 5.66 ±2.4  
5.66 
±2.4 
Plateau 
Total Stasis 9.77 ±1.93 
13.59 
±2.85 
14.03 
±3.16 
 
 
 
 
 
 
Left  
Gait 
Cycle 
Antiphase 39.8 ±5.67 
56.77 
±4.89 
51.36 
±6.79 
Table 8.1 Results of calculating phasic parameters of normal subjects, expressed 
as percentage of the gait cycle 
   
These results can be summarized by the Phase Ratios; In –phase/Antiphase/ Stasis for each 
joint combination: 
Hip/Knee 50/40/10; Knee/Ankle 28/58/14; Hip/Ankle 34/51/15 
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 The following pie charts illustrated these phasic parameters. 
 
Figure 8.1 Normal phasic parameters of hip and knee coordination  
  
Figure 8.2 Normal phasic parameters of knee and ankle coordination  
Normal Hip Knee
Plat
Anti P
IPEst
IPEsw
IPF
Normal Knee Ankle
Plat
Anti P
IPEst
IPEsw
IPF
Normal Hip Ankle
Plat
Anti P
IPEst
IPEsw
IPF
Figure 8.3 Normal phasic parameters of hip and ankle coordination  
The colour scheme of Blue for in-phase, green for antiphase and yellow for joint stasis 
continues.  These results show that hip and knee retain the most synchronous motion (blue) 
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 while knee and ankle have the most dissociation (green). Thus it appears that a greater 
difference has developed, from the infantile synchrony, in knee ankle coordination. 
 
There is little in-phase extension in knee/ankle or hip/ankle coordination so that most of 
the in-phase motion flexes these joint combinations.  At hip/knee there is an even division 
of in-phase motion between flexion and extension. 
 
All joints exhibited a small percentage of stasis. 
 
8.2.1  Comment  
All movement is affected by gravitation and inertia forces so that when kinematic and 
kinetic graphs are considered together with the timing of phasic parameters then the 
muscles action can responsible for intra-limb coordination may be deduced.  
Electromyography could be used to confirm muscle activity.  Coordination in the context 
of kinetic and electromyographical data may be explored in future work. 
 
8.3  Phasic parameters for children with cerebral palsy 
The data of the twenty children (10 boys and 10 girls) mean age 9.9years (aged 4-14years) 
with cerebral palsy used in Chapter 7 was processed to give the phasic parameters of 
hip/knee, knee/ankle and hip/ankle coordination.  The results of the children with cerebral 
palsy are presented in bold in Table 8.2 next to the results of normal children as shown in 
Chapter 8 in Table 8.1. 
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    Hip /Knee Knee/ Ankle Hip/Ankle 
    N CP N CP N CP 
Stance 25.48 ±2.70 
24.32 
±8.92 
1.8 
±3.06 
10.08 
±7.16 
9.45 
±3.58
17.54 
±10.04 Extension 
Swing 3.22 ±3.07 
6.01 
±2.68 
6.24 
±3.87 
10.14 
±3.31 
3.17 
±2.88
2.98 
±2.05 
In 
Phase 
Flexion  22.32 ±3.8 
22.89 
±5.54 
19.65 
±2.29 
24.5 
±6.12 
21.54 
±2.97
17.02 
±5.61 
Ankle not moving   9.65 ±3.54 
12.34 
±4.35 
9.65 
±3.54
12.34 
±4.35 
Knee not moving 4.33 ±1.15 
9.67 
±6.61 
4.33 
±1.15 
9.67 
±6.61   
Hip not moving 6.12 ±2.74 
6.2 
±4.49   
6.12 
±2.74
6.2 
±4.49 
Plateau 
Total 9.74 ±1.89 
15.17 
±9.29 
13.64 
±2.97 
20.92 
±6.44 
14.66 
±4.25
17.96 
±4.73 
 
 
 
 
 
 
Right
Gait 
Cycle 
Antiphase 39.21 ±5.31 
32.03 
±10.6 
58.67 
±4.76 
34.24 
±10.15 
51.18 
±6.41
44.38 
±13.21 
Stance 25.25 ±3.01 
23.64 
±5.97 
2.15 
±3.07 
7.6 
±5.64 
10.58 
±4.04
14.48 
±7.22 Extension 
Swing 3.05 ±3.02 
5.71 
±3.45 
7.57 
±3.55 
9.88 
±2.75 
3.27 
±2.4 
2.88 
±2.23 
In 
Phase 
Flexion  22.15 ±3.6 
24.64 
±5.5 
19.2 
±3.21 
23.78 
±8.25 
20.76 
±3.18
17.94 
±4.99 
Ankle not moving   8.98 ±2.62 
11.9 
±4.33 
8.98 
±2.62
11.9 
±4.33 
Knee not moving 4.41 ±1.47 
9.33 
±3.93 
4.41 
±1.47 
9.33 
±3.93   
Hip not moving 5.66 ±2.4 
5.44 
±3.09   
5.66 
±2.4 
5.44 
±3.09 
Plateau 
Total 9.77 ±1.93 
14.23 
±5.95 
13.59 
±2.85 
19.78 
±5.10 
14.03 
±3.16
17.02 
±4.63 
 
 
 
 
 
 
Left  
Gait 
Cycle 
Antiphase 39.8 ±5.67 
32.08 
±7.31 
56.77 
±4.89 
38.86 
±10.76 
51.36 
±6.79
47.64 
±10.14 
 
Table 8.2 Phasic parameters of normal children and children with cerebral palsy, 
expressed as a percentage of the gait cycle 
When the phasic parameters of the subject children with cerebral palsy are compared to 
those of normal children then: 
At Hip/Knee level there is: 
• Increased in-phase extension in swing phase, IPEsw.  
• Increased knee stasis  
• Reduced antiphase. 
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 The ratios of in-phase/antiphase/ total stasis 
Normal = 50/40/10      CP = 53/32/15 
are illustrated in the pie charts shown in figure 8.4 
CP Hip Knee
Plat
Anti P
IPEst
IPEsw
IPF
Normal Hip Knee
Plat
Anti P
IPEst
IPEsw
IPF
 
Figure 8.4 Pie charts of Hip/Knee phasic parameters of normal and CP children 
 
At Knee/Ankle there is:  
• Increased in-phase extension in stance phase, IPEst. (This  will occur as the heel is 
raised during  toe walking) 
• Increased in-phase extension in swing phase, IPEsw. (This  can occur in terminal 
swing ; as the foot is brought into ground contact) 
• Increased in-phase flexion, IPF. (This occurs as the ankle dorsiflexes from the toe 
striking plantarflexed position at initial contact; when the heel lowers in midstance 
and when the knee flexion peak in swing phase is delayed.) 
• Increased ankle and knee stasis 
• Reduced antiphase 
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 The ratios of in-phase/antiphase/ total stasis: 
Normal = 27/59/14      CP = 44/35/21 
are shown in the pie charts in Figure 8.5 
CP Knee Ankle
Plat
Anti P
IPEst
IPEsw
IPF
Normal Knee Ankle
Plat
Anti P
IPEst
IPEsw
IPF
 
Figure 8.5 Pie charts of Knee/Ankle phasic parameters of normal and CP children  
 
At Hip/Ankle there is:  
• Increased in- phase extension in stance 
• Increased ankle stasis 
• Reduced in-phase flexion  
• Reduced antiphase 
 
The ratios of in-phase/antiphase/ total stasis: 
Normal = 34/51/15      CP = 38/44/18 
are shown in the pie charts at Figure 8.6 
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CP Hip Ankle
Plat
Anti P
IPEst
IPEsw
IPF
Normal Hip Ankle
Plat
Anti P
IPEst
IPEsw
IPF
 
Figure 8.6 Pie charts of Hip/Ankle phasic parameters of normal and CP children 
 
 
 
Examples of CP Hip/Knee, Knee/Ankle and Hip/Ankle coordination are shown in 
appendices 8.1, 8.2 and 8.3 respectively. 
 
8.4  Discussion 
The predominant feature that differentiates between CP and normal children appears to be 
the level of antiphase which is reduced in all the joint combinations studied.  This seems to 
be due to two factors 
• Lack of decoupling of synergist joint actions  
• More joint stasis at knee and ankle.  
It has been suggested that motor control is simplified by these two mechanisms.  Lin 
(2000) considers that the movement patterns seen in CP may be due to arrest of normal 
development.  Stiff knee gait has been described by a number of authors (Gage, 1991; 
Rhodda  and Graham, 2003; Jonkers et al. 2006) and this technique quantifies this 
abnormal feature of CP gait.  
 
Statistical analysis of the data is given in Chapters 9, 10 and 11.  
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 Chapter 9  Data analysis, comparing the phasic parameters of normal and cerebral 
palsy children   
 
9.1  Introduction 
In Chapter 8 it can be seen that there are differences in the phasic parameters of normal 
children and those with cerebral palsy.  In this chapter a statistical analysis of the data is 
presented.  The results from left and right limb were considered separately since the motion 
of one limb can be influenced by the other and thus they cannot be considered as 
independent variables.  Univariate ANOVA of data was used to compare the phasic 
parameters of gait of the 20 normal and 20 CP child subjects previously reported.  The 
effect size and post-hoc observed power were calculated.  The relationships between phasic 
parameters, age and speed, using Pearson’s Correlation Coefficient, are considered.  The 
greater variability of the data from CP children is demonstrated and Coefficient of 
Variance of normal and CP data reported.   
 
9.2  Null hypotheses 
The following null hypotheses were considered: 
1. No significant differences (p > 0.05) between the phasic parameters of normal and 
CP children. 
2. No significant associations (p > 0.05) between walking speed or age with the phasic 
parameters of normal or CP children. 
3. No significant differences between the phasic parameters of normal children with 
gender or CP children with gender (p > 0.05). 
4. No differences in variability of normal and CP phasic parameter data. 
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 9.3  Data analysis 
 
9.3.1  Comparing phasic parameters between normal and CP children 
In Chapter 8 in Table 8.2 the mean values and standard deviations of the phasic parameters 
for normal and CP children were reported.  These phasic parameters were compared using 
a univariate analysis of variance with SPSSv15.  The mean differences, p values and F 
values of these phasic parameters are shown in Table 9.1.  
 Normal/CP 
 Left Right 
 Diff p value F Diff  p value F 
HKIPEst 1.93 0.203 1.677 -1.01 0.636 0.227 
HKIPESw -2.95* 0.012 6.890 -2.93* 0.003 10.48 
HKIPF -2.61 0.086 3.114 -0.77 0.621 0.249 
HS 0.22 0.803 0.063 0.08 0.946 0.005 
HKTS -4.49* 0.003 9.768 -5.69* 0.012 6.953 
HKANTIP 7.72* 0.001 14.06 7.60* 0.007 8.046 
KAIPEst -5.45* 0.001 14.39 -8.28* 0.000 22.62 
KAIPESw -2.31* 0.027 5.287 -3.90* 0.002 11.69 
KAIPF -3.86 0.058 3.806 -4.85* 0.002 11.01 
KS -5.17* 0.000 27.50 5.55* 0.001 12.68 
KATS -6.19* 0.000 22.44 -7.28* 0.000 21.08  
KAANTIP 17.91* 0.000 45.93 24.43* 0.000 94.92 
HAIPEst -3.90* 0.042 4.438 -8.09* 0.002 4.438 
HAIPESw -0.39 0.598 0.283 0.19 0.812 0.058 
HAIPF 2.82* 0.040 4.544 4.52* 0.003 10.13 
AS -2.92* 0.014 6.663 -2.69* 0.038 4.604 
HATS -2.99* 0.022 5.692 -3.30* 0.026 5.385 
HAANTIP 3.72 0.181 1.857 6.80* 0.045 4.287 
 
Table 9.1 Mean differences, the significance (p value) and F ratio for phasic 
parameters between normal and CP children   
* marks significant differences <0.05; highlighted in mauve 
The F Ratio exceeds the critical value (4.1) for all parameters that are significantly 
different p<0.05, some exceed a critical value of 7.35 (p<0.01) and a few exceed the 
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 critical value of 12.71 (p=0.001). Critical values for the F Ratio were found in (Hicks, 
2000) 
The values of phasic parameters that are significantly different are summarized below.  
 
9.3.1.1  Hip/Knee (HK) intra-limb coordination 
In-phase extension in swing (HKIPESw), Total stasis (HKTS) and antiphase (HKANTIP) 
and are significantly different bilaterally with p values ranging from 0.000 to 0.012. 
 
9.3.1.2  Knee/Ankle (KA) intra-limb coordination 
All parameters have significantly different means, bilaterally, between CP and normal 
children except Left Knee/Ankle in phase flexion (KAIPF) which approaches significance 
at p=0.058 
 
9.3.1.3  Hip/Ankle (HA) intra-limb coordination 
In phase extension in stance (HAIPEST), in phase flexion (HAIPF), ankle stasis (AS) and 
total stasis (HATS) are significantly different bilaterally.  In phase extension in swing 
(HAIPESW) phases, bilaterally, are not significantly different in the subjects studied.   
 
Antiphase (HAANTIP) is significantly different on the right but not on the left.  Further 
examination of the L Antiphase data (with p=0.18) revealed that 2 of the CP subjects 
appear to be outliers.  At Appendix 9.1 scatterplots are used to show these outliers.  These 
are CP 21, who, when the researcher classified the data into total limb patterns (see 
Paragraph 10.4.) was considered to have normal coordination, and CP 30, whose was 
predominantly affected on the left, with an in phase pattern, and could therefore be 
expected to have more in-phase and less antiphase activity.   
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 9.4  Size effect and power 
The results reported in Table 8.2 have been used to calculate Cohen’s d (effect size) using 
the following equation:           ( )
2
2
2
2
1
21
σσ +
−= MMd  
Where M1 and M2 are mean values of compared samples and σ1  and σ2 are standard 
deviations of these samples.  Cohen’s d was calculated using an ‘on-line’ effect size 
calculator (Becker LA, 2005). Statistics texts e.g. Field, (2005) suggest that the researcher 
should aim for a power 0.8.  Cohen’s d has then been used in GPower, Faul and Erdfelder  
(1992), to calculate the post hoc observed power.  These results are shown in Table 9.2.   
 
  Hip/Knee Knee/Ankle Hip/Ankle 
  d power p  d power p d power p 
IPESt 0.176 0.08 0.636 1.504 0.996 0.000 1.073 0.911 0.002 
IPESw 0.968 0.85 0.003 1.083 0.916 0.002 0.076 0.056 0.812 
IPF 0.119 0.066 0.621 1.050 0.899 0.002 1.007 0.874 0.003 
AS    0.678 0.552 0.038 0.678 0.552 0.038 
KS 1.126 0.934 0.001 1.126 0.934 0.001    
HS 0.022 0.050 0.946    0.022 0.050 0.946 
TS 0.810 0.704 0.012 1.452 0.994 0.000 0.734 0.619 0.026 
 
 
Right
Gait 
Cycle 
AP 0.856 0.751 0.007 3.082 1.000 0.000 0.655 0.524 0.045 
IPESt 0.341 0.183 0.203 1.200 0.958 0.001 0.666 0.537 0.042 
IPESw 0.822 0.717 0.012 0.727 0.612 0.027 0.168 0.081 0.598 
IPF 0.536 0.379 0.086 0.732 0.616 0.058 0.674 0.546 0.040 
AS    0.815 0.709 0.014 0.815 0.709 0.014 
KS 1.658 0.999 0.000 1.658 0.999 0.000    
HS 0.079 0.057 0.803    0.079 0.057 0.803 
TS 1.008 0.874 0.003 1.498 0.996 0.000 0.754 0.642 0.022 
 
 
Left  
Gait 
Cycle 
AP 1.180 0.953 0.001 2.143 1.000 0.000 0.431 0.264 0.181 
 
Table 9.2 Cohen’s d, post hoc observed power and significance of differences in the 
phasic parameters of normal children and children with cerebral palsy 
Thus for a number of parameters, highlighted in bright yellow, the post hoc observed 
power exceeds 0.8 indicating that the sample size used (20 subjects in each group) 
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 adequately discriminates between normal and CP children for these parameters. Other 
parameters, shaded peach, with the post hoc power above 0.7, occur unilaterally for two 
hip/knee parameters (Right HKTS and left HKIPESW).  The alternate limbs for each of 
these parameters have adequate power (> 0.8) 
 
9.4.1  Comment 
In this first application of this novel technique to measure differences in intra-limb 
coordination between normal and CP children the majority of parameters have significant 
differences (see Table 9.1).  The data shows that a total sample size of 40 subjects has 
adequate power to reject the null hypothesis and that there are no differences between 
lower limb intra-limb coordination of normal and CP children.  When the results are 
examined more fully the differences between Knee/Ankle coordination show higher levels 
of significance and post hoc power than the differences between the Hip/Knee and 
Hip/Ankle data.  At Hip/Knee the lower post hoc power and significance (shown in Table 
9.2) of the left total stasis and right in-phase extension in swing could be addressed in 
future work using these data to calculate the sample size required to increase the power to 
0.8.  At Hip/Ankle the power to discriminate is generally lower and thus the researcher is 
more cautious in reporting any significance in these phasic parameters. 
There is some asymmetry in the data that should be further investigated.  This is 
considered in Chapter 11. 
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 9.5  Correlations 
The associations between speed, age and the phasic parameters were explored by 
calculating Pearson’s correlation coefficient using SPSSv15.  The results are show in the 
following tables; where significance is greater than 0.05 cells are shaded mauve. 
 
9.5.1  At Hip/Knee 
  CP Normal 
   Speed Age Speed Age 
  Cor Sig Cor Sig.. .Cor Sig Cor Sig 
 Speed 1  .217 .358 1  .075 .755 
 Age 217 .358 1  .075 .755 1  
HKIPEst .011 .963 -.174 .462 .470 .037 -.446 .049 
HKIPESw -.267 .256 -.395 .084 -.152 .522 .149 .530 
HKIPF .362 .116 -.074 .756 .631 .003 -.152 .521 
HS -.691 .001 -.073 .760 -.369 .110 -.174 .462 
HKTS -.603 .005 -.019 .938 -.204 .389 .028 .908 
LEFT 
HKANTIP .313 .179 .363 .116 -.481 .032 .233 .323 
HKIPEst .235 .318 .105 .660 .346 .135 -.367 .111 
HKIPESw -.082 .730 -.167 .482 .109 .648 .153 .518 
HKIPF .282 .228 .072 .763 .689 .001 .003 .989 
HS -.449 .047 -.134 .574 .101 .653 -.164 .489 
HKTS -.617 .004 .036 .880 .108 .650 .281 .231 
RIGHT 
HKANTIP .179 .450 -.145 .541 -.788 .000 -.105 .660 
 
Table 9.3 Pearson correlation coefficients and significance for speed and age with 
Hip/Knee phasic parameters of normal and CP children 
 
At Hip/Knee level for the CP subjects there are negative correlations with speed for Hip 
Stasis (HS) and for Hip/Knee Total Stasis (HKTS).  The normal subjects’ data shows that 
there are positive correlations with speed and in-phase flexion (HKIPF).  All these 
associations are significantly correlated bilaterally. 
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 There are no correlations between age and phasic parameters for either normal or CP 
children. 
 
9.5.2  At Knee/Ankle 
 
 CP Normal 
 Speed Age Speed Age 
 Cor Sig Cor Sig Cor Sig Cor Sig 
KAIPEst -.179 450 .058 .809 .692 .001 -.005 .983 
KAIPESw .403 .078 .288 .219 -.481 .032 .074 .758 
KAIPF .271 .249 .587 .007 -.048 842 .670 .001 
KS -.423 .063 -.027 .909 .424 .062 -.184 .437 
KATS .051 .830 -.334 .150 -.212 .370 -.278 .235 
LEFT 
KAANTIP -.250 .287 -.394 .086 .068 .775 -.328 .158 
KAIPEst -.019 .938 .046 .847 .702 .001 -.143 .548 
KAIPESw .058 .810 .221 .348 -.440 .052 -.108 .651 
KAIPF .140 .555 .561 .010 -.053 .823 .123 .605 
KS -.609 .004 -.040 .866 -.104 .412 .196 .409 
KATS .523 .018 .115 .628 .200 .399 .073 .761 
RIGHT 
KAANTIP -.427 .060 -.521 .019 -.192 .418 .075 .753 
 
Table 9.4  Pearson correlation coefficients with speed and age for Knee/Ankle phasic 
parameters of normal and CP children 
 
At Knee/Ankle level the correlations are less symmetrical than the correlations between 
Hip/Knee.  For the CP subjects, Knee stasis (KS) is moderately associated with speed, 
significantly so on the right.  Phasic parameters are not correlated with speed for the 
normal subjects. 
In-phase flexion (KAIPF) appears to be associated with age for the CP subjects with 
p<0.01.  Antiphase (KAANTIP) is significantly negatively associated in CP subjects with 
age, on the right (p<0.05).  Only left in-phase flexion (KAIPF) appears significantly 
associated with age in the normal subjects. 
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 9.5.3  At Hip/Ankle 
 
 CP Normal 
 Speed Age Speed Age 
 Cor Sig Cor Sig Cor Sig Cor Sig 
HAIPEst .212 .369 -.081 .733 .367 .112 -.152 .523 
HAIPESw -.241 .307 .265 .260 -.288 .219 .238 .313 
HAIPF -.091 .703 .235 .319 .566 .009 -.093 .697 
AS -.344 .137 -.678 .001 -.096 .689 .144 .546 
HATS -.050 .833 -.474 .035 .254 .280 .000 .999 
LEFT 
HAANTIP .268 .253 .096 .688 -.500 .025 .049 .836 
HAIPEst -.036 .881 -.115 .628 .437 .054 -.180 .448 
HAIPESw -.135 .569 .056 .815 -.491 .028 .157 .508 
HAIPF -.252 .283 .053 .823 .425 .062 -.052 .826 
AS .074 .758 -.128 .590 .000 1.00 .251 .286 
HATS .423 .063 .031 .896 .424 .062 .093 .696 
RIGHT 
HAANTIP -.005 .985 .036 .881 -.502 .024 -.008 .974 
 
Table 9.5  Pearson correlation coefficients and significance with speed and age for 
Hip/Ankle phasic parameters of normal and CP children 
 
At Hip/Ankle there are no associations between phasic parameters and speed for the CP 
subjects.  Antiphase (HAANTIP) is moderately negatively associated with speed for 
normal subjects with significance of p<0.05.  In-phase flexion (HAIPF) also has 
association with speed, but this fails to reach significance (p>0.05) on the right.   
 
Associations with age appear between ankle stasis (AS) and hip/ankle total stasis (HATS) 
for CP subjects but only on the left.  There are no associations with age for normal 
subjects. 
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 9.5.4  Comment  
There appear to be some moderate associations between age and speed for both the normal 
and the CP subjects; thus the null hypothesis that there are no associations can be rejected. 
Further work is required to determine the strength of these associations as the distribution 
of association for some parameters appeared unilateral.   The asymmetry of the correlations 
in normal and CP subjects further supports the need to investigate the symmetry of the 
subjects’ phasic parameters. 
 
9.6  Comparing phasic parameters between boys and girls  
In the researcher’s unit’s normal data base, girls show a more anteverted pelvic posture in 
walking than boys.  In the literature, however, the researcher could find no references to 
differences in coordination linked to gender in children.  The researcher compared the 
phasic parameter data from girls and boys in the normal and CP groups.  The results from 
left and right limb were considered separately as the motion of one limb can be influenced 
by the other and thus they cannot be considered as independent variables.  When the data 
from the normal children (10 girls and 10 boys) are compared there are no differences in 
intra-limb coordination.  In these CP subjects, however, just one parameter, in phase 
extension in stance (HKIPEST) was significant bilaterally. 
 CP Normal 
 L R L R 
 Diff Ρ value Diff Ρ value Diff Ρ value Diff Ρ value 
HKIPEST 6.8 0.007 10.72 0.004 1.58 0.244 1.32 0.313 
 
 
Table 9.6  Mean differences Hip/Knee in-phase extension in stance between female 
and male subjects of parameters that were significantly difference for CP subjects. 
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 The mean and standard deviation values were used with the effect size calculator and 
GPower to calculate the post hoc power of these differences.  Left =0.9 and Right =0.93 
for the differences between these CP girls and boys. 
 
9.6.1  Comment 
The power and significance of this difference between male and female CP children 
suggests that it is a real difference.  The mean value for the female CP subjects (27.04 ± 
5.62) tends to exceed normal values, reported in table 8.1, whereas the male CP subjects’ 
data values of 20.24 ±4.24 are below normal values; perhaps this reflects the researcher’s 
observation that more of these female CP subjects show a synergistic pattern (See Chapter 
10).  The researcher therefore considers that this result may be not be generalisable and 
should be explored with further work that also ensures that the sample subjects studied do 
not have a predominance of one type of total limb pattern.   
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 9.7  Variability of CP data 
Not only are the mean values significantly different but the standard deviations are also 
greater for CP data than the normal data for most parameters, indicating the greater 
variability in the gait of CP children.  This can be illustrated by box plots.  In Figure 9.1, 
box plots are drawn of the left hip/knee in-phase extension in stance; CP data is on the left 
(blue) and normal data is on the right (red).  Although the mean values are not significantly 
different (CP 24.5% and normal 25.5%) it can clearly be seen that the distribution of the 
individuals results about the mean are more extensive for the CP data. 
CP Normal 
35.00 
30.00 
25.00 
15.00 
20.00 
A
HKLIPESt
 
Figure 9.1 Box plots for Hip/Knee in phase extension of CP and normal children 
 
There is an outlier in the normal data showing that this subject has shorter duration 
HKIPEST than the majority of subjects. 
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 If a comparison is made between CP and normal data for a parameter that is significantly 
different between the group means (KALIPEST) again the wide variability of the CP data 
compared with the normal data is apparent.  This is show in Figure 9.2 
 
 
CP Normal
10.00 
15.00 
5.00 
0.00 
S 
A A 
KALIPEST
 
Figure 9.2 Box plots of Knee/Ankle in phase extension of CP and normal children 
 
There are some outliers in KAIPEST of the normal data indicating that some normal 
children have values for this parameter that are above the mean for the CP children studied. 
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 The variability is further demonstrated in Table 9.7 and Figure 9.3 that show the 
Coefficient of Variation for each of the phasic parameters of normal and CP children. 
Left Right 
CP N CP N 
HKIPEst 25.25 11.60 36.68 12.64 
HKIPESw 60.42 119.48 44.59 89.55 
HKIPF 22.34 16.65 24.21 18.64 
HS 42.11 36.17 68.30 36.48 
HKTS 41.80 24.94 61.26 27.45 
HKANTIP 22.78 14.07 33.10 14.09 
KAIPEst 74.20 143.06 71.00 170.16 
KAIPESw 27.87 46.90 32.66 62.14 
KAIPF 34.67 16.12 24.99 11.66 
KS 36.38 29.15 35.26 36.64 
KATS 25.78 20.98 30.77 21.80 
KAANTIP 27.69 8.62 29.64 8.13 
HAIPEst 49.88 38.24 57.23 37.98 
HAIPESw 77.34 73.67 68.79 91.07 
HAIPF 27.80 15.32 32.97 13.81 
AS 36.38 29.15 35.26 36.64 
HATS 27.19 22.54 26.31 29.03 
HAANTIP 21.29 13.23 29.77 12.53 
 
Table 9.7 Coefficient of variation (CV) of phasic parameters (expressed as a 
percentage) 
Coefficient of Variation of Phasic Parameters
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Figure 9.3 Coefficient of Variation (CV) of phasic parameters (expressed as a 
percentage) 
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 For many of the parameters the CV is greater bilaterally for the CP subjects with the 
exception of hip/knee and knee/ankle extension in swing phase (HKIPESW, KAIPESW) 
and knee/ankle extension in stance phase (KAIPEST).  CV values for stasis at knee and 
ankle are similar for both N and CP children. 
 
9.7.1  Comment  
The phasic parameters that show higher CV results for normal children tend to be those 
parameters that have a short duration in the gait cycle but marked variability (e.g. 
KAIPEST at 1.8% ± 3.06%, see Table 8.2). Thus a small increase in the duration of the 
parameter (e.g. from 2% to 4% of the gait cycle) would produce a large variation in the 
CV.  
 
9.8  Discussion 
The results from this preliminary work using the novel method of measuring intra limb 
coordination suggest that there are differences between normal and CP children.  It had 
been anticipated that if an immature stepping pattern (described by Forrsberg, 1985) 
persisted in the CP children’s walking then the duration of in-phase extension in swing 
phase at hip/knee and/or knee/ankle would be greater in CP children.  The data appears to 
confirm this parameter as differing between normal and CP children.  A further expectation 
was that the knee stasis duration would be greater for CP children indicating the presence 
of stiff knee gait as described by Jonkers et al. 2006.  This parameter (knee stasis) was 
significantly different between normal and CP children with adequate power.  The other 
main expectation was that the CP children’s data would show less dissociation of joint 
actions than the normal children.  This was confirmed by significantly lower levels of 
hip/knee and knee/ankle antiphase.  The researcher, therefore feels able to reject the null 
 155
 hypothesis that there are no significant differences in the intra-limb coordination between 
normal and CP children. 
 
Interpreting the results from the correlations is less clear cut as fewer parameters are 
significantly different bilaterally.  Just hip/knee in-phase flexion appears significantly 
associated with speed and hip/ankle antiphase appears negatively associated with speed for 
normal subjects.  For CP children hip stasis and hip/knee total stasis are significantly 
negatively associated with waking speed bilaterally.  Thus we can cautiously reject the null 
hypothesis that there are no associations with walking speed for CP children or normal, 
also noting that there are different phasic parameters that are associated with speed for 
normal children and for CP children. 
 
Just one parameter knee/ankle in-phase flexion (KAIPF) appears to be associated with age 
for normal subjects: as this is only shown on the left, the researcher considers further work 
is required before any firm conclusions can be made.  With the CP children association 
with age is also questionable; this should be the subject of future research. 
 
When the null hypothesis relating to differences with gender is considered then the 
researcher feels that the results provide insufficient evidence to decide whether to accept or 
reject the null hypothesis, believing that further work is required to clarify the position.   
 
The researcher believes that the results reported in section 9.7 demonstrate the greater 
variability of CP data compared to normal data shown by the higher values for the CV of 
phasic parameters of the CP data.   
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 9.9  Conclusion 
This analysis has shown that this novel method of quantifying intra-limb coordination is 
able to measure differences in the intra-limb coordination between normal and CP children.  
These differences can be most confidently accepted in knee/ankle coordination.  The data 
presented can be used to calculate the sample size required to reject the null hypothesis 
with confidence (power≥0.8). 
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 Chapter 10  Data analysis: comparing cerebral palsy groups  
 
10.1  Introduction 
The data were further analysed to consider if the phasic parameters were able to distinguish 
between two different classifications of cerebral palsy.  They were grouped according to 
the Gross Motor Function Classification System level (Palisano et al. 1997) reported in 
Chapter 2 paragraph 2.6.1.1 and the same children were secondly classified by total limb 
patterns, defined by the researcher and explained later in this chapter.   
GMFCS levels are levels of functional ability.  Neither quality or style of movement are 
considered and therefore may not be related to phasic parameters.  The total limb patterns, 
however, are dependent on intra-limb coordination and may be associated with phasic 
parameters.   
 
10.2  Null hypotheses 
1. No significant difference in the phasic parameters between GMFCSII and 
GMFCSIII children. 
2. No significant difference in the phasic parameters between CP children displaying 
different total limb patterns. 
Differences were considered significant when p<0.05.   
 
10.3  Comparing CP children grouped by the gross motor function classification 
system level 
Gross Motor Function Classification System levels are: 
Level I -Walks without restrictions; limitations in more advanced gross motor skills. 
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 Level II - Walks without assistive devices; limitations walking outdoors and in the 
community. 
Level III - Walks with assistive mobility devices; limitations walking outdoors and in the 
community. 
Level IV - Self mobility with limitations; children are transported or use power mobility 
outdoors and in the community. 
Level V - Self-mobility is severely limited even with use of assistive technology. 
 
The records of the CP children were examined to consider their GMFCS level.  
Specifically the parent questionnaire (Appendix 7.1) that asks for information about the 
child’s motor function was searched to determine if the child used a hand rail for stair 
climbing (level II) or used walking aids or a wheelchair for some aspects of mobility (level 
III).  Morris et al. (2004) have show the reliability of parental reporting and have 
subsequently developed questionnaires that are available through the ‘Can Child’ web site 
(GMFCS Family Report Questionnaire, 2005).   
 
Eight children were GMFCS Level II, (GMFCSII) three were girls and five were boys and 
twelve were GMFCS Level III (GMFCSIII), seven were girls and five were boys.   
 
A univariate analysis of variance was used to test the null hypothesis that there are no 
significant differences of the phasic parameters between GMFCSII and GMFCSIII 
children when p=0.05. 
The following tables give the means, standard deviations and significance of these 
differences for Hip/Knee, Knee/Ankle and Hip/Ankle phasic parameters. 
 159
 10.3.1  At Hip/Knee 
 
 
 Left Right 
 GMFCSII GMFCSIII p GMFCSII GMFCSIII p 
HKIPEST 23.70 ±7.48 
23.60 
±5.09 0.96 
25.15 
±10.61 
23.76 
±8.06 0.66 
HKIPESW 7.00 ±2.36 
4.85 
±3.87 0.17 
6.27 
±2.87 
5.83 
±2.65 0.73 
HKIPF 24.65 ±4.04 
24.63 
±6.55 0.99 
21.44 
±7.30 
23.88 
±4.05 0.27 
HS 5.85 ±4.52 
5.17 
±1.18 0.59 
6.95 
±5.004 
5.70 
±4.27 0.47 
HKTS 14.75 ±8.43 
13.88 
±3.93 0.68 
16.92 
±11.98 
14.00 
±7.37 0.35 
HKANTIP 30.35 ±4.47 
33.23 
±8.71 0.34 
30.75 
±12.78 
32.88 
±9.38 0.59 
 
Table 10.1  Means, ± standard deviations (expressed as a percentage of the gait cycle) 
and p values of Hip/Knee phasic parameters of GMFCSII and GMFCSIII CP 
children 
 
There are no significant differences between GMFCSII and GMFCSIII phasic parameters 
at hip knee level. 
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 10.3.2  At Knee/Ankle 
 
 Left Right 
 GMFCSII GMFCSIII p GMFCSII GMFCSIII p 
KAIPEST 8.60 ±5.69 
6.93 
±5.75 0.43 
9.45 
±7.20 
10.50 
±7.42 0.68 
KAIPESW 8.75 ±2.39 
10.63 
±2.81 0.19 
9.95 
±4.12 
10.26 
±2.84 0.85 
KAIPF 22.40 ±16.64 
24.7 
±9.32 0.43 
25.95 
±5.23 
23.53 
±6.69 0.26 
KS 9.53 ±4.95 
9.20 
±3.32 0.81 
10.57 
±8.39 
9.07 
±5.43 0.49 
KATS 20.30 ±6.34 
19.43 
±4.36 0.65 
17.90 
±5.31 
22.93 
±6.52 0.026 
KAANTIP 39.90 ±6.63 
38.17 
±13.06 0.65 
36.70 
±11.65 
32.60 
±9.17 0.26 
 
Table 10.2  Means, ±standard deviations (expressed as a percentage of the gait cycle) 
and p values of Knee/Ankle phasic parameters of GMFCSII and GMFCSIII CP 
children 
 
Only right knee ankle total stasis (KATS) appears significantly different between 
GMFCSII and GMFCSIII phasic parameters at this level.  The post hoc power was 0.42 for 
this parameter which suggests that the significance of this finding should be viewed with 
caution. 
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 10.3.3  At Hip/Ankle 
 
 Left Right 
 GMFCSII GMFCSIII p GMFCSII GMFCSIII p 
HAIPEST 17.00 ±8.38 
12.80 
±6.14 0.12 
17.25 
±9.64 
17.73 
±10.72 0.89 
HAIPESW 3.05 ±2.53 
2.77 
±2.11 0.79 
2.55 
±1.72 
3.26 
±2.26 0.54 
HAIPF 20.20 ±6.23 
16.43 
±3.47 0.047
19.20 
±4.79 
15.57 
±5.83 0.076 
AS 13.50 ±4.64 
10.83 
±3.94 0.10 
12.80 
±3.93 
12.03 
±4.75 0.68 
HATS 16.20 ±4.02 
17.56 
±5.09 0.46 
15.55 
±3.75 
19.56 
±4.75 0.049 
HAANTIP 43.55 ±9.47 
50.37 
±10.01 0.083
45.40 
±10.98 
43.70 
±14.95 0.73 
 
Table 10.3  Means, ± standard deviations (expressed as a percentage of the gait cycle) 
and p values of Hip/Ankle phasic parametersof GMFCSII and GMFCSIII CP 
children 
 
At this level two parameters are significantly different; on the left, in-phase flexion 
(HAIPF) and on the right hip ankle total stasis (HATS).  When observed power is consider 
at 0.46 and 0.63 respectively; these low powers indicate a 46% and 63% chance of 
detecting a real effect, and thus the significance of these differences should be viewed with 
caution. 
 
10.3.4  Comment 
It would appear that there are no bilaterally significant differences in the phasic parameters 
between GMFCSII and GMFCSIII children. 
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 10.4  Comparing GMFCSII and GMFCSIII children with normal subjects 
An univariate ANOVA was used to compare the data between normal and GMFCSII and 
between GMFCSIII children.  A further table (Table10.4) shows the p values for the 
differences between the normal children and GMFCSII children and between the normal 
children and GMFCSIII children.  Those p values that are less than 0.05 are highlighted in 
mauve. 
 Left  Right 
 N/II N/III N/II N/III 
HKIPEST 0.355 0.266 0.950 0.531 
HKIPESW 0.006 0.117 0.012 0.013 
HKIPF 0.194 0.141 0.726 0.328 
HS 0.872 0.632 0.599 0.760 
HKTS 0.013 0.018 0.013 0.078 
HKANTIP 0.001 0.009 0.018 0.037 
KAIPEst 0.002 0.007 0.002 0.000 
KAIPESw 0.376 0.011 0.020 0.005 
KAIPF 0.352 0.044 0.002 0.027 
KS 0.000 0.000 0.003 0.010 
KATS 0.000 0.000 0.039 0.000 
KAANTIP 0.000 0.000 0.000 0.000 
HAIPEst 0.011 0.296 0.020 0.005 
HAIPESw 0.824 0.561 0.561 0.917 
HAIPF 0.741 0.005 0.207 0.001 
AS 0.004 0.155 0.068 0.112 
HATS 0.201 0.020 0.625 0.004 
HAANTIP 0.032 0.748 0.197 0.059 
 
Table 10.4 p values for comparison between phasic parameters of normal and 
GMFCSII children and of normal and GMFCSIII children. 
 
10.4.1  Comment 
The only parameters that appear consistently different between the GMFCS groups when 
compared to the normal group are hip/ankle in phase flexion (HAIPF) and hip/ankle total 
stasis (HATS) which are both only significant for GMFCSIII subjects. 
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 The evidence for accepting the null hypothesis that there are no significant differences in 
the phasic parameters between GMFCSII and GMFCSIII subjects is rather weak, the 
differences at hip/ankle level make it difficult to confidently reject the null hypothesis. 
 
10.5  Comparing phasic parameters between coordination patterns groups 
The researcher has suggested that a classification of coordination might prove useful in 
understanding and treating gait abnormalities (Farmer, 2003) and in this work has used the 
following simple classifications of intra-limb coordination.  
 
Limb patterns were defined as: 
Synergistic patterning (SP)  This primitive stepping total limb pattern is seen when the 
hip, knee and ankle synergistically flex and extend.  For the purpose of this study subjects 
whose gait lacked a loading response in early stance (see Figure1.2) and who displayed hip 
and knee extension in terminal swing were categorized as having increased in phase 
motion.   
Stiff knee (SK) gait has been described by a number of authors (Jonkers et al. 2006) and is 
characterized by a knee that is relatively immobile throughout the gait cycle.  Data were 
examined for this knee stasis when progression was achieved by hip flexion and extension 
(this movement occurs without normal full hip extension being achieved) whilst the knee is 
relatively immobile in some degree of flexion.  This characteristic was used to identify the 
SK group. 
When synergistic and knee static features were absent the intra-limb coordination was 
considered normal (N). 
Synergistic action was seen in 7 CP girls and 4 CP boys, whilst 2 girls and 5 boys show 
static knees leaving 1 girl and 1 boy whose coordination appeared more normal. 
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 A univariate analysis of variance was used to consider if there were significant differences 
(p<0.05) in phasic parameters between SP with SK.  
 
10.5.1  At Hip/Knee  
 
 Left Right 
 SK SP p SK SP p 
HKIPEST 18.56 ±2.92 
25.67 
±5.75 0.001
18.23 
±5.89 
26.67 
±9.12 0.009 
HKIPESW 3.90 ±2.75 
6.82 
±3.17 0.09 
4.76 
±1.69 
6.28 
±3.05 0.31 
HKIPF 24.20 ±8.70 
25.43 
±3.80 0.59 
19.83 
±7.63 
24.42 
±4.32 0.06 
HS 6.93 ±3.57 
4.97 
±2.95 0.16 
6.20 
±3.02 
6.57 
±5.45 0.85 
HKTS 15.83 ±6.64 
13.98 
±6.13 0.416
16.73 
±9.95 
15.65 
±9.58 0.75 
HKANTIP 37.16 ±5.36 
28.76 
±6.99 0.007
40.57 
±9.94 
27.62 
±8.85 0.002 
 
Table 10.5  Means, ± standard deviations (expressed as a percentage of the gait cycle) 
and significance of differences of Hip/Knee phasic parameters of SK and SP subjects 
 
There are significant differences between SK and SP subjects for in-phase extension in 
stance (HKIPEST) and antiphase (HKANTIP) bilaterally.  Post hoc observed power for left 
HKIPEST at 0.9 is good (indicating a 90% chance of detecting a true effect), whereas on 
the right post hoc power was 0.67 indicating a less powered difference.  The post hoc 
power for antiphase at left 0.82 and right 0.84 is satisfactory.  The in-phase extension in 
swing phase is not significantly different between the 2 groups on the right. 
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 10.5.1.1  Comment  
Thus at hip/knee level the SK and SP groups separate in the way predicted with the SP 
group having more in-phase extension in stance and less antiphase than the SK group.  A 
calculation in GPower (Faul and Erdfelder, 1992) indicates that a modest increase in 
sample size (to 24 subjects) would be required to improve confidence, given the lower 
power for right HKIPEST.  Although the researcher had expected differences in in-phase 
extension in swing (HKIPESW) this was only significant on the right, and a larger total 
sample size of 68 would be required to consider this with a power of 0.8. 
 
10.5.2  At Knee/Ankle 
 
 Left Right 
 SK SP p SK SP p 
KAIPEST 11.80 ±4.63 
6.20 
±5.35 0.01 
17.07 
±4.12 
7.87 
±6.09 0.000 
KAIPESW ±9.67 2.90 
9.40 
±2.48 0.88 
8.53 
±1.63 
10.33 
±3.67 0.36 
KAIPF 31.07 ±6.69 
18.90 
±5.67 0.000 
28.13 
±5.54 
21.97 
±5.75 0.01 
KS 9.87 ±3.70 
9.37 
±4.43 0.75 
11.17 
±7.43 
9.86 
±6.49 0.57 
KATS 16.60 ±5.67 
20.83 
±5.10 0.14 
20.47 
±6.14 
20.50 
±6.11 0.99 
KAANTIP 29.67 ±9.74 
44.63 
±8.08 0.001 
25.40 
±9.44 
39.33 
±7.39 0.004 
 
Table 10.6  Means, ± standard deviations (expressed as a percentage of the gait cycle) 
and significance of differences of Knee/Ankle phasic parameters of SK and SP 
subjects 
 
In Knee/Ankle coordination there are significant differences between the SK and SP 
groups for in-phase extension in stance (KAIPEST), in-phase flexion (KAIPF) and 
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 antiphase (KAANTIP) bilaterally.  The post hoc powers are KAIPEST, left = 0.69, right = 
0.95; KAIPF left = 0.98, right = 0.67 and KAANTIP left = 0.93 and right = 0.94.  Again 
most of the significantly different parameters have powers that suggest these differences 
may be true differences.  Gpower (Faul and Erdfelder, 1992) has been used to calculate the 
total sample size of 24 subjects that would be needed to increase power to 0.8, for right 
KAIPF that currently had the lowest post hoc power.  
 
10.5.2.1  Comment 
The researcher had expected there to be differences in the duration of knee stasis between 
these 2 groups but this was not supported by the data.  The significantly different in-phase 
flexion (KAIPF) is prolonged in the SK group in three ways; by the knee flexing and ankle 
dorsiflexing on loading, by the knee flexing prematurely during stance phase whilst the 
ankle dorsiflexes and by the slow rate of knee flexion and ankle dorsiflexion during 
terminal stance and early swing phase.  The in-phase extension in stance (KAIPEST) 
follows the flexion on loading in the SK group but tends to occur later in stance phase in 
the SP group when the ankle plantarflexes whilst the knee is extending in midstance.  The 
researcher had not recognized that these movements produced in-phase joint motion when 
reviewing videos of stiff knee gait.   
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 10.5.3  At Hip/Ankle 
 
 Left Right 
 SK SP p SK SP p 
HAIPEST 18.20 ±6.84 
13.47 
±6.38 0.09 
25.33 
±9.26 
14.96 
±8.65 0.003 
HAIPESW 2.27 ±2.56 
2.67 
±1.89 0.73 
2.00 
±1.96 
3.40 
±1.97 0.27 
HAIPF 21.80 ±6.88 
16.77 
±2.74 0.018
20.67 
±7.19 
15.97 
±3.88 0.048 
AS 8.07 ±1. 63 
14.73 
±2.80 0.000
9.00 
±2.11 
13.53 
±4.08 0.024 
HATS 15.93 ±5.41 
17.40 
±4.75 0.48 
18.73 
±5.84 
18.27 
3±.86 0.84 
HAANTIP 41.80 ±8.99 
49.70 
±9.39 0.06 
33.13 
±13.97 
47.78 
±8.80 0.003 
 
Table 10.7 Means, ± standard deviations (expressed as a percentage of the gait cycle) 
and significance of differences of Hip/Ankle phasic parameters of SK and SP subjects 
 
The intra-limb coordination differences in phasic parameters are less symmetrical between 
right and left, hip and ankle joints.  The data suggests bilaterally significant differences 
between SK and SP groups for in-phase extension in stance (HAIPEST), in-phase flexion 
(HAIPF) and for antiphase (HAANTIP).  Post hoc calculations show that power is 
satisfactory for HAIPF, left = 0.82, right = 0.84, but less adequate for HAANTIP with 
power left = 0.49 and right = 0.77 and HAIPEST with power on the left low at 0.35 and on 
the right 0.71.  A total sample of 58 subjects would be needed to give a power of 0.8 for 
left HAIPEST.  Ankle stasis is significantly greater for the SP group that the SK group 
with post hoc power left =1.0 and right = 0.84.  
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 10.5.3.1  Comment 
Again there appears to be a greater percentage of the gait cycle with in-phase motion in the 
SK group; this was contrary to the researchers expectations.  The dorsiflexing ankle on 
loading is followed by plantarflexion whilst the hip is extending in midstance thereby 
increasing HAIPEST.  The low rate of ankle dorsiflexion in swing phase extends the 
period of in-phase flexion.  The increased ankle stasis in the synergistic subjects appears to 
be due to their tendency to toe walk thereby maintaining a constant ankle position during 
stance phase.  
 
10.6  Comparing synergistic patterning subjects and stiff knee subjects with normal 
subjects   
 Left  Right 
 SK/N SP/N SK/N SP/N 
HKIPEST 0.001 0.997 0.013 0.638 
HKIPESW 0.567 0.003 0.402 0.016 
HKIPF 0.301 0.044 0.285 0.197 
HS 0.259 0.596 0.876 0.638 
HKTS 0.006 0.015 0.021 0.012 
HKANTIP 0.394 0.000 0.661 0.000 
KAIPEst 0.000 0.010 0.000 0.000 
KAIPESw 0.318 0.288 0.374 0.019 
KAIPF 0.000 0.281 0.001 0.371 
KS 0.001 0.000 0.002 0.002 
KATS 0.091 0.000 0.029 0.006 
KAANTIP 0.000 0.003 0.000 0.000 
HAIPEst 0.005 0.144 0.000 0.025 
HAIPESw 0.245 0.309 0.306 0.817 
HAIPF 0.329 0.029 0.984 0.007 
AS 0.577 0.000 0.521 0.020 
HATS 0.417 0.047 0.050 0.027 
HAANTIP 0.015 0.550 0.000 0.152 
 
Table 10.8 p values for differences between SK and normal subjects and between SP 
and normal subjects 
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 In table 10.8 it can be seen that the SK and SP groups differ from the normal subjects for 
different phasic parameters indicating that this approach of classifying intra-limb 
coordination with total limb patterns may have the potential for further development.  
HKIPEST, KAIPF and HAANTIP differ from normal for SK but not for SP.  HKIPESW, 
HKANTIP, HAIPF and AS differ from normal for SP subjects but not SK subjects.   
 
10.6.1  Comment 
There appear to be significant differences between the stiff knee group and the synergistic 
pattern group.  Although the researcher’s expectation of increased in-phase motion and 
reduced antiphase motion for the primitive steppers was realized at Hip/Knee level this was 
not the case at Knee/Ankle or Hip/Ankle.  The emerging picture appears rather more 
complex.  Knee/Ankle and Hip/ Ankle in phase extension in stance is greater than normal 
for the SP group and the deviation from normal is even greater in the SK group.  For other 
parameters the values for one group approach normal values whereas the other group 
deviate from normal e.g. KAIPF.   
 
10.7  Conclusion 
In this chapter the researcher has considered 2 ways of grouping the CP children studied.  
When the GMFCS levels were used the majority of phasic parameters were not 
significantly different between the groups: this contrasts with the better separation into the 
researcher defined groups.  The work of Toro et al. (2006) using clustering techniques has 
also indicated the diversity of sagittal plane joint motion in children with cerebral palsy 
dividing 56 CP children into 13 groups.  The researcher’s classification based on intra-limb 
coordination will need refinement if groups are to be more easily differentiated. 
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 Chapter 11  Asymmetry of phasic parameters.  
 
11.1  Introduction 
In the previous chapters it could be seen that asymmetry emerged as a possible cause of 
some of the inconsistencies in the data. In this chapter differences between right and left 
phasic parameters are explored.  Firstly an attempt was made to visually classify the CP 
subjects as symmetrical or asymmetrical but ultimately it proved necessary to calculate the 
differences between right and left limbs of each subject to describe the asymmetry of both 
groups of children. 
 
11.2  Comparing phasic parameters between symmetry groups and normal children 
There are a number of parameters, reported in previous chapters, as being significantly 
different between normal and CP children for right but not left or vice versa which suggest 
some asymmetry in intra-limb coordination.  Although all the children with cerebral palsy 
had a diagnosis of diplegia, with both lower limbs affected this may not be to the same 
degree and thus the presentation is not always symmetrical.  The results both in terms of 
range of motion (see Chapter 6, Table 6.1) and the difference between normal and CP 
phasic parameters (Table 8.2) indicate that the right limbs may be more severely affected, 
in some of the subjects studied.  
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 11.2.1  Null Hypothesis 
The null hypothesis was that there is no significant difference in symmetry between normal 
and CP subjects (grouped according to symmetry) of phasic parameters of right and left 
lower limbs when p = 0.05 
 
11.2.2  Method 
Subsequent to the data processing, to calculate the phasic parameter values, the gait data 
was reviewed and the CP children classified by the researcher.  The researcher compared 
the subjects’ sagittal plane data with that of the mean values of the sagittal plane data of the 
normal subjects.  Those whose data deviated from the normal means more for one limb 
than the other were classified as asymmetrical and those with deviations that appeared 
similar were classified as symmetrical.  This gave 9 (5 girls and 4 boys) symmetrically 
affected, 9 (3 girls and 6 boys) right side principally affected and just 2 girls left side 
principally affected. The following abbreviations were used: symmetrically (Sym), 
asymmetrically; right side principally affected (AR) or asymmetrically; left side principally 
affected (AL).  The AR and Sym groups could be compared with the normal children but 
with just 2 the AL numbers were insufficient to include this group for statistical analysis.   
 
A univariate analysis of variance was used to compare AR with normal, AR with Sym and 
Sym with normal for right and left limbs. 
Post hoc power was calculated for parameters that were significantly different (p=0.05) 
between AR and Sym CP groups. 
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 11.2.3  Results 
Three tables, one for each joint combination (HK, KA, HA), follow showing the mean and 
standard deviation values of the phasic parameters for the 2 CP groups (AR and Sym).  
Comparable data for normal subjects can be seen in Table 8.1.  The following tables also 
show p values for differences between the CP groups and between CP groups and normal; 
when the p value is greater than 0.05 then the cell has been highlighted in mauve. 
 
11.2.3.1  At Hip/Knee  
 AR Sym AR/Sym p 
AR/N 
p 
Sym/N 
p 
HKIPESt 20.64 ±2.26 
25.22 
±5.96 0.029 0.007 0.841 
HKIPESw 5.467 ±3.351 
7.044 
±2.963 0.312 0.054 0.003 
HKIPF 26.62 ±5.25 
22.489 
±5.11 0.063 0.017 0.804 
HS 6.178 ±3.98 
5.244 
±2.19 0.478 0.643 0.710 
HKTS 15.378 ±7.37 
13.578 
±5.11 0.411 0.004 0.044 
LEFT 
HKANTIP 32.022 ±3.52 
32.20 
±10.24 0.955 0.006 0.008 
HKIPESt 20.422 ±9.36 
25.622 
±6.95 0.073 0.048 0.904 
HKIPESw 5.822 ±2.70 
6.156 
±2.82 0.805 0.026 0.013 
HKIPF 22.00 ±7.26 
23.00 
±4.12 0.699 0.952 0.659 
HS 7.289 ±4.96 
5.644 
±4.49 0.356 0.44 0.753 
HKTS 19.489 ±10.59 
12.844 
±6.77 0.030 0.000 0.186 
RIGHT 
HKANTIP 32.711 ±12.72 
32.867 
±9.59 0.969 0.051 0.056 
 
Table 11.1 Means and ±standard deviations of Hip/Knee phasic parameters grouped 
according to symmetry and p values for differences between groups 
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 11.2.3.1.1  AR/Sym 
Between the AR and symmetrical diplegics there are significant differences between left 
Hip/Knee in-phase extension in stance (HKIPEST) and on the right between hip/knee total 
stasis (HKTS).   
 
11.2.3.1.2  AR/N 
Between AR and normal there are differences bilaterally at HKIPESt and HKTS.  
Unilaterally on the left HKIPF and HKAntiP and on the right HKIPESw are significantly 
different. The p value for left HKIPESw is 0.054 and for right HKAntiP 0.051; thus these 
values are approaching significance. 
 
11.2.3.1.3  Sym/N 
In-phase extension in swing (HKIPESw) is significantly more in symmetrical diplegics 
than in the normal subjects bilaterally. Hip/knee total stasis (HKTS) is significantly 
different on the left but not the right. HKANTIP is significantly different on the left and 
approaches significance on the right (p=0.056) 
 
11.2.3.1.4  Comment 
For the Sym group HKIPEST values approach normal values ( Compare Table 11.1 with 
Table 8.1).  In the AR group both right and left HKIPEST values are lower than the normal 
values but the large standard deviation on the right reduces the significance of this finding.  
The post hoc power for the difference between AR and Sym for right HKIPESt is low 
(0.35) and therefore a larger total sample (64) would be required to confirm or refute this 
as a significant difference between the CP groups with an a priori power of 0.8. 
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 The difference between AR/Sym for right total stasis (HKTS) but not for hip stasis appears 
to confirm that the right side stiffness was principally due to knee immobility.  Although 
the post hoc power was low at 0.44 for this parameter, right knee stasis result, shown in 
Table 11.2, is also significant.   
 
HKIPESW is significantly different bilaterally between the Sym/N. The values for this 
phasic parameter are highest the Sym group, lowest for normal and the AR group having 
intermediate values.  (This parameter is significantly different for normal and all CP 
subjects, see Table 9.1) 
 
The AR group has more parameters that are significantly different than the Sym group 
probably indicating a greater degree of impairment in the Hip/Knee coordination of AR 
group. 
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 11.2.3.2  At Knee/Ankle  
 
 AR Sym AR/Sym p  
AR/N 
p 
Sym/N 
p 
KAIPESt 9.022 ±5.25 
7.16 
±6.17 0.383 0.001 0.009 
KAIPESw 8.978 ±2.74 
10.133 
±2.65 0.442 0.274 0.050 
KAIPF 24.533 ±6.85 
22.933 
±9.97 0.599 0.081 0.249 
KS 10.000 ±4.27 
8.733 
±4.12 0.379 0.000 0.001 
KATS 20.756 ±5.41 
19.867 
±4.78 0.645 0.000 0.000 
LEFT 
KAANTIP 36.578 ±9.30 
39.822 
±11.48 0.417 0.000 0.000 
KAIPESt 10.978 ±6.95 
10.800 
±7.59 0.944 0.000 0.000 
KAIPESw 8.667 ±2.58 
10.844 
±3.61 0.198 0.094 0.002 
KAIPF 24.978 ±5.78 
23.778 
±7.11 0.593 0.008 0.036 
KS 13.133 ±7.42 
7.822 
±4.22 0.010 0.000 0.042 
KATS 19.733 ±5.15 
22.533 
±8.01 0.246 0.005 0.000 
RIGHT 
KAANTIP 35.511 ±12.54 
31.911 
±8.55 0.344 0.000 0.000 
 
 
Table 11.2 Means and ±standard deviations of Knee/Ankle phasic parameters 
grouped according to symmetry and p values for differences between groups 
 
11.2.3.2.1  AR/Sym 
Between AR and Sym there are no significantly different parameters at Knee/Ankle on the 
left and just knee stasis on the right is significantly different.  
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 11.2.3.2.2  AR/N 
Between AR and normal most parameters are significantly different with the exception of 
in-phase extension in swing phase bilaterally and in-phase flexion on the left.   
 
11.2.3.2.3  Sym/N 
Between S and normal all parameters are significantly different with the exception of left 
in-phase flexion. 
 
11.2.3.2.4  Comment 
The difference between knee stasis on the right appears to provide some support for the 
observation of greater effect on the right side as there is more knee stiffness on the right.  
The post hoc power for this parameter was 0.56 giving moderate confidence of the 
significance of this difference.  A total sample size of 34 subjects would be required to 
increase the power to 0.8. 
 
At this level there are more parameters of the Sym group than of the AR group that are 
significantly different. 
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 11.2.3.3  At Hip/Ankle 
 
 
 
AR Sym AR/Sym p 
AR/N 
p 
Sym/N 
p 
HAIPESt 16.178 ±6.82 
13.511 
±7.584 0.343 0.023 0.223 
HAIPESw 2.444 ±2.31 
3.289 
±1.95 0.454 0.390 0.984 
HAIPF 19.200 ±6.49 
17.511 
±3.34 0.394 0.356 0.059 
AS 11.289 ±4.12 
13.644 
±3.90 0.144 0.094 0.001 
HATS 18.089 ±4.97 
16.844 
±3.52 0.505 0.014 0.082 
LEFT 
HAANTIP 44.089 ±8.34 
48.800 
±7.49 0.236 0.035 0.447 
HAIPESt 19.244 ±8.24 
17.689 
±11.74 0.660 0.002 0.009 
HAIPESw 2.933 ±2.08 
2.222 
±1.22 0.553 0.807 0.331 
HAIPF 18.667 ±5.93 
15.822 
±5.76 0.186 0.118 0.003 
AS 12.311 ±4.03 
11.422 
±4.43 0.633 0.099 0.268 
HATS 17.689 ±4.89 
18.489 
±3.51 0.714 0.110 0.045 
RIGHT 
HAANTIP 41.378 ±11.95 
45.600 
±15.62 0.394 0.024 0.189 
 
 
Table 11.3  Means and ±standard deviations of Hip/Ankle phasic parameters grouped 
according to symmetry and p values for differences between groups 
 
11.2.3.3.1  AR/Sym 
Between AR and Sym no parameters are significantly different bilaterally.  
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 11.2.3.3.2  AR/N 
Between AR and N, bilaterally in-phase extension in stance (HAIPEST) and antiphase 
(HAANTIP) are significantly different.  
On the left ankle stasis and Hip/ankle total stasis are significantly different. 
 
11.2.3.3.3  Sym/N 
Between the Sym and N there is considerable asymmetry of mean differences.  On the left 
only ankle stasis (AS) is significantly different between Sym and N. On the right however, 
in phase extension in stance (HAIPEST), in phase flexion (HAIPF) and total stasis (HATS) 
are significantly different. 
 
11.2.3.3.4  Comment 
At Hip/Ankle no clear picture emerges regarding asymmetry.   
 
11.2.4  Discussion 
The significant differences between the Hip/Knee total stasis and knee stasis on the right 
between the AR and Sym CP groups suggests that the researcher was able to differentiate 
between those subjects who had a stiff right knee and those who did not.   
 
Although Left HKIPEST was significantly different between AR and Sym groups, the post 
hoc power of 0.65 leads to researcher to view the significance of this difference with 
caution.  A modest increase in total sample size to 26 would increase the power to 0.8. 
 
The remaining results indicate that there are no other parameters that are statistically 
different between the researcher defined groups of symmetrical and asymmetrical diplegic 
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 children.  There do, however, appear to be a greater number of parameters that differ from 
the normal subjects in the AR group as opposed to the Sym group.  This would appear to 
indicate that these children in the AR group are more severely affected that those in the 
Sym group. 
 
When the comparison between supposedly symmetrical subjects and normal subjects was 
reviewed then there was an asymmetrical distribution of the differences that were 
significantly different.  This suggests that there could be asymmetry in the Sym group 
and/or the normal group. 
 
When the phasic parameter data reported, in Table 8.2, is reviewed other parameters 
appear to differ between the right and left limbs of the CP children.  These include 
KAIPEST, KAANTIP and HAIPEST and HAANTIP.  The researcher therefore felt that 
her classification was inadequate to identify all differences in symmetry between the 
groups.  
 
11.2.5  Conclusion 
There is lack of symmetry, unnoticed by the researcher when visually classifying the limb 
patterns, suggesting that a quantitative method of identifying asymmetry should be 
considered when categorizing subjects on the basis of coordination patterns.  This is 
explored in the following sections. 
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 11.3 Comparing the symmetry of phasic parameters between normal and CP children 
 
In Chapter 2 the researcher reported on the work of Sadeghi et al. (2000) who reviewed the 
literature on gait symmetry, reporting a number of formulae to calculate symmetry indices.  
The equations below show some of the options available.   
 
Firstly by simply subtracting right side values from left in equation 11.1 so that a result of 
zero indicates symmetry, negative values a bias to the right and positive values a bias to the 
left.  
 
DRL =−   Equation 11.1 where L is the left parameter, R is the right parameter and D is 
difference. 
 
Using Equation 11.2 the value of 50 indicates symmetry and values above 50 indicate a left 
bias and below 50 a right bias so that these values indicate laterality and the amount of 
asymmetry. 
Si
rl
l =×⎟⎠
⎞⎜⎝
⎛
+ 100     Equation 11.2 
 
In practice, however, if a left phasic parameter value is zero then the Si will equal zero 
regardless of the value of the right parameter. 
 
( ) SI
rl
rl =×⎟⎠
⎞⎜⎝
⎛
+
− 1002   Equation 11.3  
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 Although Equation 11.3 has been used by other researchers (Diop et al.  2004), it also 
expresses laterality with negative and positive values, but there do not appear to be any 
advantages over using the Equation 11.1 for the researcher’s purpose of identifying which 
limb had the greater value for each of the phasic parameters. 
 
11.3.1  Null Hypothesis 
There are no significant differences between the asymmetry value between normal and CP 
children. 
 
11.3.2  Method  
Equation 11.1 was used to calculate the differences between right and left limb phasic 
parameters of the normal and CP data.  The researcher uses the term ‘asymmetry value’ 
(AsV) for this value to avoid describing differences between the differences between 
limbs.   
 
A univariate ANOVA was used to consider the differences between AsV for normal 
subjects and AsV for all CP subjects.   
 182
 11.3.3  Results 
 
 Differences between Right and Left  Phasic Parameters 
Normal CP 
Parameters Mean 
Diff 
(AsV) 
St D Range 
Mean 
Diff 
(AsV) 
St D Range
HKIPESt 0.24 2.04 8.80 -0.68 4.88 20.80 
HKIPESw -0.32 2.54 11.20 -0.30 3.85 16.00 
HKIPF -0.09 1.88 7.20 1.75 5.04 19.20 
HS -0.46 3.94 18.80 -0.62 3.40 15.60 
HKTS 0.26 3.14 13.20 -0.94 7.23 26.00 
HKANTIP 0.17 4.58 16.40 0.05 10.39 39.80 
KAIPESt 0.35 1.19 4.00 -2.48* 4.15 14.80 
KAIPESw 1.33 3.19 10.80 -0.26 2.29 8.40 
KAIPF 0.27 2.88 10.60 -0.72 5.39 21.20 
KS 0.04 5.76 26.00 -0.34 1.06 4.00 
KATS -0.05 3.94 19.80 -1.14 6.07 20.00 
KAANTIP -1.90 4.72 15.20 4.62* 7.99 22.80 
HAIPESt 1.13 2.06 6.60 -3.06* 6.26 24.40 
HAIPESw 0.10 2.22 7.00 -0.10 2.58 12.40 
HAIPF -0.78 2.69 11.40 0.92 4.03 16.40 
AS -0.67 5.71 22.80 -0.44 3.24 13.60 
HATS -0.63 4.74 21.80 -0.94 6.24 27.60 
HAANTIP 0.18 4.59 20.80 3.26 12.55 43.60 
 
Table 11.4  Means, ±standard deviations and ranges of asymmetry values of normal 
and CP children’s phasic parameters (expressed as a percentage of the gait cycle) 
 
The asymmetry values are displayed in Table 11.4, positive values indicate that a left 
parameter value is higher than the right value and negative values that the right parameter 
value is higher than the left value.  For normal subjects the mean differences between left 
and right values are less than 2%/gait cycle.   
 
The mean asymmetry values for 10 of the 18 parameters are negative for the normal 
subjects whereas 14 are negative for the CP children.  The three asymmetry values that are 
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 significantly different between CP and the normal subjects, KAIPEST p=0.006, HAIPEST 
p=0.007 and KAANTIP p=0.003, are marked with an asterisk.  It is, however, when the 
range of the asymmetry values are considered, in normal subjects, maximally 26% of the 
gait cycle and for CP phasic parameters (maximally 43%), it becomes apparent that yet 
again there was greater variability in the CP children’s phasic parameters data. 
 
11.4  Conclusion 
The asymmetry in phasic relationships between joints is not easily identified visually.  It 
may be important to consider this feature in planning and evaluating treatment of children 
with cerebral palsy a calculation of asymmetry should be included in the description intra-
limb coordination.  The simple subtraction method used in this chapter gives a measure of 
symmetry and can be used to identify differences in laterality of phasic parameters. 
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 Chapter 12   Clinical applications of phasic parameter evaluation 
 
12.1  Introduction 
In the previous chapters it has been shown that there are significant differences between 
the phasic parameters of children with cerebral palsy and normal children.  If this method 
of quantifying lower limb coordination is to be clinically useful it should be sensitive to 
changes following interventions.  Treatment of cerebral palsy aims to improve walking 
ability of children with cerebral palsy by reducing the deviations from normal.  At the 
researcher’s hospital there are two main surgical treatments offered; Selective Dorsal 
Rhizotomy (SDR) and Multilevel Surgery (MLS).  SDR is a surgical procedure developed 
(Peacock and Arens, 1982; Peacock and Staudt, 1991) to reduce spasticity by dividing the 
dorsal nerve rootlets and although there has been some discussion in the literature as to its 
efficacy, at the researcher’s unit careful selection criteria appear to have produced 
favourable outcomes for the majority of our patients (Cole et al.  2007).   
 
MLS has been advocated by Gage (1991) to correct the structural abnormalities that result 
from cerebral palsy.  These surgeries can include derotation osteotomies of the femur 
and/or tibia, muscle and tendon lengthening and arthrodesis of joints in the foot.  These 
surgical techniques have been described in texts.  (Bleck, 1988; Gage, 1991)  Gait analysis 
is used to identify individual abnormalities and the individualized package of surgical 
interventions aims to reduce the gait abnormalities.   
 
The Gillette Gait Index (GGI) was developed by Professor Gage and his team (Schutte et 
al.  2000) and was used as a measure of gait abnormality (Romei et al.  2004). This index 
includes the following parameters; time of toe off (% gait cycle), walking speed/leg length, 
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 cadence (step/sec), mean pelvic tilt, range of pelvic tilt, minimum hip flexion, range of hip 
flexion, peak abduction in swing, mean hip rotation in stance, knee flexion at initial 
contact, time of peak knee flexion (% gait cycle), range of knee flexion , peak dorsiflexion 
in stance, peak dorsiflexion in swing, mean foot progression angle in stance.  The data 
from our normal data base has been used to derive a normal value for this index of 25 (SD 
5.75).  Data from children attending for gait assessment have also been processed to derive 
mean values for children with diplegic cerebral palsy of 481 (SD 269.1). 
 
It has been shown that there are greater reductions in the GGI following SDR than 
following MLS (Schwartz et al.  2004) and the researchers’ unit reports similar results 
(Postans et al. 2006).  The researcher therefore suggested that coordination might also be 
affected by surgery and in this chapter considers this possibility by studying the phasic 
parameters of children with cerebral palsy before and after surgery as a way of testing the 
sensitivity of this measure to changes after an intervention. 
 
12.2  Null hypotheses 
1. There are no significant differences between phasic parameters of CP children 
before and after MLS. 
2. There are no significant differences between phasic parameters of CP children 
before and after SDR. 
3. There are no associations between changes in walking speed and changes in phasic 
parameters after MLS. 
4. There are no associations between changes in walking speed and changes in phasic 
parameters after SDR. 
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 5. There are no associations between changes in GGI and changes in phasic 
parameters after MLS. 
6. There are no associations between changes in GGI and changes in phasic 
parameters after SDR. 
7. There are no significant differences between the normal subjects and MLS subjects 
or between the normal subjects and SDR subjects before or after their surgery. 
 
12.3  Method 
A convenience sample of 6 boys who had SDR (mean age 8.2 years) and 6 boys who had 
MLS (mean age 13.7years) were chosen from those most recently seen in the researcher’s 
unit who had undertaken pre and post-operative gait assessment.  Each subject had clinical 
gait analysis to determine the extent of the surgery with the objective of improving their 
ability to walk normally.  The details of the procedures for the multi-level subjects are 
shown in Appendix 12.1.  The data were checked to ensure that data from 5 gait cycles per 
limb were available for each of these subjects and that consent had been given for the use 
of the data for research.  Since the start of the SDR programme at the researcher’s hospital 
there have been a number of changes in the way that the data were processed.  The subjects 
chosen (both SDR and MLS) all had data processed by the most recent method.  This 
choice restricted the number of subjects available.  Their kinematic data were further 
processed (using the method described in Chapter 8) to derive their phasic parameters.  The 
phasic parameter data were also processed using Equation 11.1 to determine symmetry. 
 
These pre and post operative data were compared using the related Student’s t test.  Effect 
sizes were calculated using :
sdifferenceofdeviationst
differencemeanSizeEffect =  for pre and post-
operative data and post hoc observed power were calculated using GPOWER (Faul and 
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 Erdfelder ,  1992) for those parameters that were significantly different (p=0.05).  This 
software was also used to calculate sample sizes that would be required for future work. 
 
The association between changes in phasic parameters and changes in walking speed and 
GGI data were also explored using Pearson’s Coefficient of Correlation.  The differences 
in symmetry of the phasic parameters pre and post-operatively were considered using 
Wilcoxon signed rank test. 
 
The phasic parameters for both groups of surgical subjects were then compared with the 
phasic parameters from the 10 normal boys reported in this thesis using an independent 
samples t test.   
 
12.4  Results  
 
12.4.1  Changes in phasic parameters after surgery 
These mean differences between pre and post-operative values for MLS subjects are shown 
in Table 12.1 and for SDR subjects are shown in Table 12.2.  These data are presented in 
the same format as the previously presented data shown in Tables 8.1 and 8.2.  Parameters 
where there were significant differences between pre and post-operative values are shaded 
blue.   
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 12.4.1.1  Phasic parameters of MLS subjects before and after surgery 
 
    Hip /Knee Knee/ Ankle Hip/Ankle 
    Pre Post Pre Post Pre Post 
Stance 20.67 ±5.38 
14.53 
±6.31 
6.00 
±6.57 
2.93 
±3.41 
16.20 
±12.7 
10.80 
±10.03 Extension 
Swing 3.60 ±2.26 
4.80 
±4.16 
7.73 
±4.06 
9.13 
±4.30 
1.47 
±3.02 
4.60 
±2.91 
In 
Phase 
Flexion  21.27 ±6.86 
20.00 
±6.31 
25.07 
±11.40 
27.33 
±7.71 
21.60 
±5.22 
16.93 
±6.60 
Ankle not moving   9.87 ±4.57 
 
 
 
 
 
16.80 
±7.14 
9.87 
±4.57 
16.80 
±7.14 
Knee not moving 13.00 ±4.98 
 
11.00 
±8.91 
13.00 
±4.98 
11.00 
±8.91   
Right
Gait 
Cycle 
Hip not moving 6.07 ±3.35 
7.60 
±5.90   
6.07 
±3.35 
7.60 
±5.90 
Plateau 
21.60 
±6.63 
26.27 
±8.09 
15.67 Total 18.67 ±7.63 
18.73 23.80 
±4.53 ±12.13 ±6.74 
36.60 
±9.77 
42.53 
±4.43 
39.60 34.60 
±10.3 
45.00 
±11.41 
44.00 Antiphase ±16.78 ±13.33 
21.13 
±5.85 
17.00 
±4.42 
8.47 5.47 
±5.48 
15.40 
±14.63 
12.47 Stance ±9.27 ±10.40 Extension 
Swing 4.00 ±3.61 
5.07 
±2.84 
9.60 
±6.13 
11.27 
±4.59 
1.53 
±1.80 
5.53 
±2.37 
In 
Phase 
Flexion  21.67 ±4.18 
20.33 
±3.76 
30.73 
±8.04 
30.67 
±3.09 
19.13 
±6.16 
16.47 
±4.19 
Ankle not moving   
 
 
 
 
 
8.80 
±4.54 
11.27 
±4.58 
8.80 
±4.54 
11.27 
±4.58 
Knee not moving 12.27 ±5.73 
10.13 
±5.74 
12.27 
±5.73 
10.13 
±5.74   
Hip not moving 5.87 ±3.57 
4.67 
±2.60   
5.87 
±3.57 
4.67 
±2.60 
 
Left  
Gait 
Cycle 
Plateau 
Total 17.00 ±7.78 
14.47 
±7.47 
20.13 
±5.45 
20.53 
±5.11 
14.33 
±4.04 
15.60 
±2.74 
Antiphase 36.67 ±8.44 
43.60 
±4.41 
30.37 
±11.12 
32.40 
±7.09 
49.47 
±18.1 
49.80 
±13.08 
 
 
Table 12.1 Mean values and ±standard deviations of phasic parameters (expressed as 
percentage of the gait cycle) of MLS subjects before and after surgery. 
 
There are significant differences in left Hip/Knee antiphase (HKANTIP) p=0.018 and 
observed power 0.74, right Hip/Ankle in-phase flexion (HAIPF) p=0.011 and observed 
power 0.83, right Hip/Ankle total stasis (HATS) p=0.033 and observed power 0.61 and left 
Hip/Ankle in-phase extension in swing (HAIPESw) p=0.004 and observed power 0.94. 
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 The values of these phasic parameters have, however, moved away from normal values 
(see Table 8.1) again indicating the lack of improvement in intra-limb coordination after 
MLS for these subjects. 
 
12.4.1.2  Phasic parameters of SDR subjects before and after surgery 
 
    Hip /Knee Knee/ Ankle Hip/Ankle 
    Pre Post Pre Post Pre Post 
Stance 25.07 ±8.81 
27.27 
±6.49 
18.20 
±7.83 
7.87 
±7.78 
31.67 
±6.93 
17.13 
±10.44 Extension 
Swing 7.47 ±3.77 
8.07 
±2.78 
5.07 
±3.46 
4.87 
±3.42 
2.33 
±2.28 
2.33 
±2.76 
In 
Phase 
Flexion  30.73 ±2.01 
26.20 
±3.88 
28.67 
±6.23 
19.87 
±5.60 
25.93 
±4.38 
20.27 
±3.39 
Ankle not moving   7.67 ±4.60 
14.07 
±7.29 
7.67 
±4.60 
14.07 
±7.29 
Knee not moving 9.27 ±3.37 
8.40 
±3.74 
9.27 
±3.37 
8.40 
±3.74   
Hip not moving 4.80 ±3.25 
10.27 
±18.49   
4.80 
±3.25 
10.27 
±18.49 
Plateau 
Total 13.73 ±4.92 
11.00 
±3.32 
15.20 
±5.35 
20.67 
±7.77 
10.47 
±4.56 
16.60 
±7.06 
 
 
 
 
 
 
Right
Gait 
Cycle 
Antiphase 24.20 ±7.02 
28.87 
±8.74 
33.13 
±7.67 
46.67 
±10.11 
29.87 
±6.78 
43.87 
±11.01 
Stance 24.67 ±4.58 
27.60 
±5.02 
15.07 
±10.47 
10.47 
±6.07 
26.33 
±11.48 
20.53 
±11.28 Extension 
Swing 6.60 ±344 
5.07 
±2.84 
5.93 
±3.58 
4.87 
±2.67 
1.67 
±146 
1.33 
±0.94 
In 
Phase 
Flexion  29.87 ±1.47 
26.20 
±2.40 
26.60 
±5.83 
19.53 
±3.77 
22.67 
±4.43 
20.60 
±3.27 
Ankle not moving   9.53 ±5.49 
12.87 
±3.20 
9.53 
±5.49 
12.87 
±3.20 
Knee not moving 8.13 ±3.01 
8.93 
±3.77 
8.13 
±3.01 
8.93 
±3.77   
Hip not moving 5.13 ±3.05 
4.27 
±2.56   
5.13 
±3.05 
4.27 
±2.56 
Plateau 
Total 12.80 ±3.06 
13.07 
±3.30 
15.87 
±6.03 
19.73 
±4.64 
15.20 
±4.75 
16.87 
±3.84 
 
 
 
 
 
 
Left  
Gait 
Cycle 
Antiphase 27.27 ±4.27 
28.60 
±4.94 
36.40 
±10.28 
45.80 
±6.67 
32.73 
±9.07 
40.87 
±10.91 
 
Table 12.2 Mean values and ±standard deviations of phasic parameters (expressed as 
a percentage of the gait cycle) of SDR subjects before and after surgery 
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 The duration of in-phase flexion (IPF) has decreased at Hip/Knee (right p = 0.037 and 
observed power 0.58, left p = 0.007 and observed power 0.89), Knee/Ankle (right p = 
0.035 and observed power 0.59, left p = 0.043 and observed power 0.55) and Hip/Ankle 
(right p = 0.028 and observed power 0.65) after SDR but these parameters had high levels 
of IPF prior to surgery, (compare Table 12.2 with normal data in Table 8.1) whereas the 
mean value of left Hip/Ankle in-phase flexion (HAIPF) was within one standard deviation 
of normal preoperatively.  Right Hip/Ankle in-phase extension in stance (HAIPESt) has 
also decreased but is still above the normal value for this parameter of 9.45 ± 3.58% of 
Gait Cycle.  The difference was significant with p = 0.027 and the observed power 0.65.  
All these values have moved towards normal values indicating that for these subjects intra-
limb coordination improved after SDR.  Using the effect size from this small sample the 
sample size required a priori to bring the lowest observed power of 0.55 for Left KAIPF to 
an acceptable power of 0.8 would need a total sample of 22 subjects. 
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 12.4.2  GGI and walking speed 
 Pre op speed Post op speed Pre op GGI Post op GGI 
ML 38 0.45 0.41 601.15 510.95 
ML 55 0.85 0.98 510.48 380.11 
ML 59 1.12 0.51 277.62 573.82 
ML 61 1.07 0.81 336.37 200.70 
ML 62 1.14 1.31 196.11 247.99 
ML 63 1.26 1.11 274.02 90.31 
Mean 0.98 0.86 365.96 333.98 
SDR16 0.86 1.01 866.83 251.50 
SDR18 0.88 1.16 1008.05 250.83 
SDR20 0.87 1.23 481.43 354.02 
SDR21 0.67 1.07 579.11 311.35 
SDR22 0.84 0.75 803.08 167.31 
SDR24 0.76 0.84 413.64 276.78 
Mean 0.81 1.01 692.02 268.63 
 
Table 12.3 Pre and post-operative walking speed (in metres/second) and 
GGI of MLS and SDR subjects 
 
The subjects’ walking speed and GGI scores are shown in Table 12.3.  The pre-operative 
GGI scores for the SDR subjects were higher with a mean score of 692 than the MLS mean 
score of 366.  After their respective procedures the mean scores were SDR 269 and MLS 
334.  This indicates that the SDR subjects had more gait abnormalities than the MLS 
subjects prior to surgery.  The SDR subjects all had reduced GGI scores post-operatively 
whereas some MLS had reduced GGI but subjects ML59 and ML62 had increased GGI 
indicating that their surgery had failed to prevent the deterioration in gait for children with 
cerebral palsy reported by Johnson et al. (1997). 
 
Most SDR subjects had a faster walking speed post SDR with just SDR22 walking more 
slowly.  Most of the MLS subjects walked at a slower speed post-operatively with ML 55 
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 and ML 62 walking faster during their post operative assessment.  Both groups have a 
slower walking speed than the mean walking speed of 1.31 m/s ± 0.23 m/s for the male 
subjects reported in the researcher’s technical paper.  (Farmer et al.  2008)   
Slower walking speed is usually deemed as a regression in performance although the 
researcher has observed that walking speed can be used by teenagers to express mood.   
 
12.4.2.1  Comment 
The changes in walking speed and GGI tend to indicate that the boys who had SDR 
benefited more from their surgery with increased walking speed and reduced GGI than 
some boys who had multi-level surgery who had reduced walking speed and increased 
GGI. 
 
12.4.3  Correlations 
There are no correlations between pre and post-operative differences in phasic parameters 
and GGI. 
There are no correlations with pre and post-operative differences of phasic parameters and 
of walking speed for MLS subjects.  Pre and post-operative differences in HKLIPF, 
KALIPF correlate with differences in pre and post-operative walking speed for SDR 
subjects.  These correlations may relate to the increased rate of knee flexion reported after 
SDR (Cole et al. 2007), because hip and knee flexion with ankle dorsiflexion are crucial to 
effective ‘toe off’ and the acceleration of the thigh in early swing phase. 
 
12.4.4  Symmetry 
The symmetry of these CP subjects’ phasic parameters were calculated using Equation 
11.1 as described in Chapter 11.  The results are shown in Appendix 12.2. These results 
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 show that the MLS and SDR groups each have low mean values for most laterality 
differences in phasic parameters, but that the range of values are high indicating variability 
within the groups which is confirmed by the high values for the coefficient-of-variation. 
 
The asymmetry value of the phasic parameters for SDR and MLS subjects were compared 
using Wilcoxon signed rank test pre and post-operatively.  The asymmetry had decreased 
non-significantly (p=0.098) for these parameters in the SDR subjects but had increased 
non-significantly (p=0.080) in MLS subjects.  This may indicate that there may be some 
potential to reduce asymmetry with SDR but that this may be more difficult to achieve 
with MLS. 
 
12.4.5  Comparison of phasic parameters of normal male subjects and the phasic 
parameters of surgical subjects 
Although there were significant differences in pre and post-operative data and some of 
these values had moved towards or away from normal the question remained as to whether 
these changes were statistically significant 
 
The pre and post-operative data were compared with data from the 10 boys already 
reported in this thesis.  Table 12.4 shows the mean differences from the normal boys and 
MLS subjects pre and post-operatively and Table 12.5 those for SDR subjects pre and 
post-operatively.  Those values marked with an asterisk (*) were significantly different at 
p=0.05 and with 2 asterisks (**) with p=0.01.  The cells that are shaded yellow are those 
values that are more normal and those that are shaded orange are less normal after the 
respective surgeries. 
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 12.4.5.1  Comparison of phasic parameters MLS and normal male subjects 
 
Left Right 
Parameters 
Pre-MLS Post MLS Pre-MLS Post  MLS 
HKIPESt 3.33 7.46** 3.97 10.11** 
HKIPESw 1.72 2.79 0.98 2.18 
HKIPF 0.39 0.95 0.49 1.76 
HS 0.97 0.23 1.47 3.00 
HKTS 6.74* 4.21 8.21* 8.27* 
HKANTIP 5.05 1.88 3.92 2.01 
KAIPESt 6.88* 3.87 4.70 1.63 
KAIPESw 2.30 3.88 1.97 3.37 
KAIPF 11.37** 11.31** 5.85 8.11* 
KS 3.29 1.49 3.20 4.27 
KATS 6.57* 6.97** 7.57* 12.23** 
KAANTIP 27.37** 25.70** 20.08* 25.08** 
HAIPESt 4.86 1.93 7.02 1.62 
HAIPESw 1.42 2.57* 1.11 2.02 
HAIPF 1.51 4.17* 0.20 4.69 
AS 0.18 2.29 0.07 7.00* 
HATS 0.17 1.44 0.31 8.44* 
HAANTIP 2.23 1.90 6.26 7.26 
 
Table 12.4  Mean differences in phasic parameters (expressed as a percentage of the 
gait cycle) between normal subjects and CP children before and after MLS 
 
Although a few parameters have improved after MLS, quite a number are significantly less 
normal after surgery.  Preoperatively Hip/Knee total stasis (HKTS), Knee/Ankle total 
stasis (KATS) and Knee/Ankle antiphase (KAANTIP) were significantly different 
bilaterally from normal.  Unilaterally on the left Knee/Ankle in-phase extension in stance 
(KAIPESt) and Knee/Ankle in-phase flexion (KAIPF) were significantly different.  
Following surgery, left Hip/Knee total stasis (HKTS) and Knee/Ankle in-phase extension 
in stance (KAIPESt) are no longer significantly different from normal.  Left Knee/Ankle 
in-phase flexion (KAIPF), left Knee/Ankle antiphase (KAANTIP) and right Hip/Knee total 
stasis (HKTS) remain significantly different from normal, but some parameters became 
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 significantly different after surgery, i.e. Hip/Knee in-phase extension in Stance (HKIPESt) 
bilterally, left Hip/Ankle in-phase extension in swing (HAIPESw,) left Hip/Ankle in-phase 
flexion (HAIPF), right Knee/Ankle in-phase flexion (KAIPF), right Ankle stasis (AS) and 
right Hip/Ankle total stasis (HATS).  In addition to this, the level of the significance of the 
difference has increased for Knee/Ankle total stasis (KATS) bilaterally and right 
Knee/Ankle antiphase (KAANTIP). 
 
Thus it can be seen that this group of boys have less normal coordination after their 
multilevel surgery than before their multi-level surgery. 
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 12.4.5.2  Comparison of phasic parameters SDR and normal male subjects  
The SDR subjects in Table 12.5 show a number of parameters that are significantly nearer 
normal after surgery. 
 
Left Right 
Parameters 
Pre-SDR Post SDR Pre-SDR Post SDR 
HIPESt 0.21 3.14 0.43 2.63 
HKIPESw 4.32* 3.78* 4.85* 5.45* 
HKIPF 8.59** 4.92* 8.97** 4.44 
HS 3.23* 4.03* 4.66* 3.80* 
HKTS 2.54 2.81* 3.27 0.54 
HKANTIP 14.59** 13.12** 16.32** 11.65* 
KAIPESt 13.47* 8.86* 16.90** 6.57* 
KAIPESw 1.45 2.51 0.69 0.89 
KAIPF 7.24* 0.17 9.45** 0.65 
KS 0.85 0.05 0.53 1.40 
KATS 2.31 6.17* 1.16 6.63* 
KAANTIP 21.70** 12.30** 26.55** 13.01* 
HAIPEt 16.86** 9.99* 22.15** 7.95* 
HAIPESw 0.96 1.63 0.02 0.25 
HAIPF 2.03 0.04 4.05* 1.35 
AS 0.29 3.89* 3.13 4.26 
HATS 0.04 2.71 4.62 1.24 
HAANTIP 17.97** 10.83* 21.26** 7.39 
 
 
Table 12.5 Mean differences in phasic parameters (expressed as a percentage of the 
gait cycle) between normal subjects and CP children before and after SDR 
 
When the SDR pre-op parameters are compared with normal subjects then many of the 
parameters are significantly different from normal.  Hip/Knee in-phase extension in swing 
(HKIPESw), Hip/Knee in-phase flexion (HKIPF), Hip stasis (HS), Knee/Ankle in-phase 
extension in stance (KAIPESt), Knee/Ankle in-phase flexion (KAIPF), Knee/Ankle 
antiphase (KAANTIP), Hip/Ankle in-phase extension in stance (HAIPESt), Hip/Ankle 
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 antiphase (HAANTIP) bilaterally and unilaterally right Hip/Ankle in-phase flexion 
(HAIPF).   
 
After surgery there are some parameters left Hip/Knee total stasis (HKTS), Knee/Ankle 
total stasis (KATS) bilaterally and left Ankle stasis (AS), shaded orange, are more 
abnormal.  Other parameters improved; these include Hip/Knee in-phase flexion (HKIPF), 
Knee/Ankle in-phase extension in stance (KAIPESt), Knee/Ankle in-phase flexion 
(KAIPF), Hip/Ankle in-phase extension in stance (HAIPESt), Hip/Ankle antiphase 
(HAANTIP) bilaterally and unilaterally on the right Hip/Knee antiphase (HKANTIP) and 
Hip/Ankle in-phase flexion (HAIPF).  Knee/Ankle in-phase flexion (KAIPF) bilaterally 
and right Hip/Knee n-phase flexion (HKIPF), right Hip/Ankle in-phase flexion (HAIPF) 
and right Hip/Ankle antiphase (HAANTIP) are no longer significantly different from 
normal. 
 
The SDR subjects’ coordination appears to have become more normal following their 
surgery. 
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 12.6  Summary using phase ratios 
The comparative results are summarized in Table 12.6 using the phase ratio reported in 
Chapter 8.   
 
   Left Right 
   IP AP JS IP AP JS 
Pre-op 47 36 17 45 37 18 
Post- op 42 44 14 39 42 19 HK 
Normal 50 40 10 50 40 10 
Pre-op 49 31 20 39 39 22 
Post- op 48 32 20 39 35 26 KA 
Normal 28 58 14 28 58 14 
Pre-op 36 50 14 39 45 16 
Post- op 34 50 16 32 44 24 
MLS 
HA 
Normal 34 51 15 34 51 15 
Pre-op 61 27 12 63 24 13 
Post- op 59 28 13 61 28 11 HK 
Normal 50 40 10 50 40 10 
Pre-op 48 36 16 52 33 15 
Post- op 35 46 19 33 48 21 KA 
Normal 28 58 14 28 58 14 
Pre-op 52 33 15 60 30 10 
Post- op 42 41 17 40 44 16 
SDR 
HA 
Normal 34 51 15 34 51 15 
 
 
Table 12.6 Mean phase ratios of in-phase/antiphase/joint stasis (expressed as a 
percentage of the gait cycle) of normal, MLS and SDR subjects. 
 
Prior to surgery the MLS subjects had fewer parameters that were significantly different 
from normal than the SDR subjects.  After surgery, however, the changes for these subjects 
showed fewer significant changes, with more parameters being adversely affected by an 
increased difference and less positively affected with a decreased difference from normal.  
 
The MLS subjects show some increase in Hip/Knee antiphase but retain a higher than 
normal percentage of joint stasis.  There was no marked normalization of KA coordination. 
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 At HA the left phasic ratios are almost normal and on the right although IP is reduced the 
joint stasis is more abnormal.  The phasic parameters for these 6 subjects have moved 
away from normal mean values after their surgery.  
 
It can be seen that in the SDR subjects there are very modest changes in HK coordination.  
KA coordination shows improvement with reductions of in-phase motion and increases in 
antiphasic motion. Joint stasis, however, has abnormally increased.  Similar improvements 
in the IP, AntiP components and adverse increases in stasis are seen in HA coordination.  
 
12.7  Discussion 
The greater improvements in the SDR children may be because they were younger (mean 
age 8.2 years) so their movement patterns were less entrenched than those of the older 
MLS children (mean age 13.7 years).  It is however true that as they were more impaired 
by their cerebral palsy than the MLS subjects: they may therefore have had greater 
potential for improvement.  The MLS subjects were studied during the adolescent growth 
spurt, a factor that contributes to the development of contractures (Hof, 2001) and gait 
deterioration (Johnson et al. 1997) and thus could have been expected to deteriorate.  Thus 
if ability is maintained during this period treatment could be considered to have 
ameliorated this tendency. 
 
The small sample size used in this initial work means that extreme caution is required in 
interpreting these results.  There appear to have been some adverse affects on intra-limb 
coordination after multi-level surgery.  The researcher appreciates that the heterogeneity of 
the children with cerebral palsy and their surgeries means that although the observed post 
hoc power for these parameters is moderate to strong it would be unwise to generalize this 
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 conclusion to all children after MLS.  The instrument does however seem able to detect 
changes after MLS.  Before attempting to draw any general conclusions about the effects 
of MLS on coordination, a more extensive study will need to be undertaken.  This should 
attempt to constrain the inter-subject and inter-surgical variability of the sample subjects 
and would be the subject of further research. 
 
The researcher considers that the inter-subject variability may be less of an issue for the 
SDR subjects as they were selected following the criteria used by Cole et al. (2007).  The 
issue of inter-surgical variations persists as the rootlets divided are selected during surgery 
according to the individual’s response to nerve stimulation.  There tends, however, to be 
less variation in this procedure than in the different combinations of bony and soft tissue 
surgery used in MLS.  
 
There are changes in intra-limb coordination after SDR and the effects of these changes 
appear to improve this coordination but the observed power of these observations is only 
moderate.  The effect size has shown that an increase in total sample to 22 samples would 
give an a priori power of 0.8; thus as further children undergo this procedure it should be 
possible to utilize their data to confirm or refute these preliminary findings that indicate 
that intra-limb coordination is affected by SDR. 
 
It would appear that there are more changes in intra-limb coordination following SDR than 
following MLS.  These findings appear to be in general agreement with the relative 
changes demonstrated by comparing pre and post-operative GGI scores, with the greater 
decrease in GGI after SDR than after MLS.  The combination of adverse and advantageous 
changes following MLS may in part explain the small change in GGI in that group.  
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 However, the lack of significant correlation between changes in phasic parameters after 
surgery and changes in GGI after surgery leads the researcher to cautiously reject null 
hypotheses 5 and 6. 
 
Asymmetry appears to be reduced for the SDR subjects but the MLS group appears less 
symmetrical after their surgery.  The data analysis did not, however, show these effects to 
be statistically significant. 
 
The results presented comparing the surgical subjects to the normal male subjects tend to 
support the view that the MLS subjects’ phasic parameters deviated more from normal 
after than before their surgery.  This contrasts with the SDR subjects, many of whose 
phasic parameters have moved towards normal values after SDR.   
 
12.8  Conclusion 
The researcher considers that phasic parameters appear to change after intervention.  The 
work undertaken has provided some measure of effect size and this will permit appropriate 
sample sizes to be calculated for future research.  
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 Chapter 13  Discussion  
 
During the course of this work the researcher has considered ways to describe and quantify 
intra-limb coordination in normal children and those with cerebral palsy.  The literature has 
been reviewed and qualitative and quantitative methods have been explored.  A novel 
method of quantifying within limb coordination has been developed.  In this chapter the 
work done is summarized and critically reviewed. 
 
13.1  Literature review 
The initial literature review (Farmer 2003) reported that just De Bruin et al. (1982) and 
Clark et al. (1988) had looked at intra-limb coordination in children. It was, however, clear 
from other work including that of Burnett and Johnson (1971), Sutherland et al. (1988) and 
more recently Hallemanns et al. (2005) that the pattern of lower limb motion changes as 
gait matures and this mature intra-limb coordination differs from that used in early 
independent locomotion described by Forrsberg (1985) and illustrated in Figure 1.7.  Toro 
et al. (2007) show that the gait patterns of children with cerebral palsy can be divided into 
13 groups with other researchers including Winters et al. (1987), Bottos et al. (1995), 
Hullin et al. (1996), Yokochi (2001), Rodda and Graham (2003) and Jonkers et al. (2006) 
describing specific features of gait in cerebral palsy. 
 
The researcher initially used the terms synchronous and synergistic to describe the motion 
of joints moving simultaneously in the same direction.  It was not until the researcher 
started work on quantitative methodology that the terms in-phase and antiphase were 
adopted.  This eventually led to the discovery of work by other researchers working with 
adults (Sparrow et al. 1987; Haddad et al. 2006) who had been working on intra-limb 
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 coordination describing their work in terms of the phasic relationship between joints.  They 
had explored the use of complex techniques including continuous relative phase and 
discrete relative phase whilst others applied these techniques to people after stroke (Barela 
et al. 2000) and to orthopaedic conditions (Heiderscheit et al. 2002).  Peters et al. (2003) 
considered that these techniques were appropriate for continuously sinusoidal data.  The 
researcher, however, noted that in cerebral palsy the kinematic data can deviate from this 
waveform and can be non-sinusoidal (see Figure 5.3) so the researcher continued working 
on the technique developed in this thesis that can be used for non-sinusoidal data.  Recent 
work (Daly et al. 2007) has studied a group of people after stroke who were treated with 
electrical stimulation to re-educate their gait.  These researchers calculated a motion vector 
from hip and knee joint angles for each data point in the gait cycle and used these vectors 
to calculate the average coefficient of correspondence (ACC).  This technique uses 
kinematic data to derive a single value for the coordination between two joints for a 
complete gait cycle.  The ACC may, therefore, be complementary to the researcher’s work 
as it also uses joint angle data and provides an outcome measure whereas for the 
identification of deviant factors (e.g. in-phase extension in swing phase) for the same type 
of data. 
 
13.2  Qualitative measures 
The early work in this thesis set out to develop a qualitative measure of intra-limb 
coordination.  The researcher devised descriptors for total limb patterns and gait events that 
focused on the coordination of joints within a limb during gait.  Although with refinement 
of these descriptors, there was reasonable agreement between 2 raters, the lack of a gold 
standard measure of coordination meant that external validity could not be established.  
The researcher’s attempt at establishing internal validity also failed and therefore the 
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 proposed qualitative measure of intra-limb coordination could not be validated without 
further work to quantify the parameters described.   
 
During this process the complexity of the subtle differences in coordination became 
apparent.  Defining terminal stance and pre-swing proved especially challenging as in the 
gait of children with cerebral palsy there is often no clear distinction between these gait 
events as can be seen in normal gait.  The difficulties encountered in developing a 
qualitative measure, together with the know difficulty of achieving good inter-rater 
reliability, confirmed the need to develop a quantitative measurement technique. 
 
13.3  Quantitative measures 
The move to a quantitative method encountered a number of problems.  Firstly there was 
poor agreement between the Vicon and electrogoniometric data of joint angles which 
meant data from these two systems could not be used interchangeably.  This was 
demonstrated by repeated measures on the same subject.   
 
This led the researcher to devise a novel method that depended on identifying when the 
direction of joint motion changed.  The within limb coordination assessment defines the 
gait cycle in terms of phasic parameters, dividing the gait into periods when the joint 
motion is in-phase or antiphasic or when the joint or joints within t he limb are immobile.   
Normal data from 20 children is presented in this thesis, but further work on an expanded 
data set of 40 children has been presented (Farmer et al.2006) and appears to confirm these 
normal values. 
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 The researcher, as a physiotherapist, was keen to develop ways of describing and 
measuring intra-limb coordination in a way that would be accessible to other therapists and 
that could be used even when the subject’s movement patterns during gait were very 
disordered.  Key to this was the development of a technique that was not totally reliant on 
sophisticated data capture systems.  This latter ambition has not been fully realized as the 
method described in this thesis uses data from a 3-dimensional data capture system.  
Although such systems are becoming more widely available they are not routinely used by 
therapists in clinical practice. 
 
During the time frame of the research, motion capture systems have become more 
powerful and software has been refined so that data from less able children or smaller and 
younger children is more easily acquired.  Hallemans et al.  (2005) have collected 3-D data 
from early walkers by using an elasticated garment and securely fastening the markers to 
the suit.  In the researcher’s own gait laboratory upgrading of equipment has improved 
marker tracking and thereby facilitated data collection in subjects who have to use walking 
aids (which would have previously impeded data capture).  Thus some of the problems, 
envisaged with generalizing this quantitative approach, have receded due to technological 
advances. 
 
The initial concept for the quantitative method used in Chapter 5 required refinement from 
a technique using peak values as a way of identifying the time in the gait cycle when the 
direction of joint motion change to a technique that used angular velocity to identify the 
relative directions of joint motion or period when a joint or joints were immobile.  This 
enabled the researcher to describe and quantify lower limb intra-limb coordination in a new 
way. (Farmer and Pearce 2006, Farmer et al. 2008).  This has not been so described before.   
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The work, comparing intra-limb coordination of normal children and children with cerebral 
palsy (Farmer and Stewart 2005), and the comparison of pre and post-operative intra-limb 
coordination (Farmer et al. 2006), has been presented at conferences.  The limitations of 
this work are discussed in the following section. 
 
13.4  Limitations of study 
As this was a novel concept, with hindsight, it is possible to identify a number of 
limitations to the work that has been undertaken and use these insights to consider ways to 
continue exploring intra-limb coordination in a more robust manner 
 
13.4.1  Impairment level 
There are a number of ways in which the sample of subjects used in this work may not be 
representative of all children with diplegic cerebral palsy.  The sample was taken from 
children referred for gait analysis so that treatment options could be considered.  This 
implied that these children were experiencing problems with their mobility and they may 
therefore represent the more affected end of the spectrum.  In her initial screening process, 
to select patients, the researcher found only 2 children less impaired by their cerebral palsy 
at GMFCS level I (defined at paragraph 2.6.1.1) and therefore children at this more able 
end of the spectrum were excluded from the study.  To gain a more representative sample; 
children would need to be recruited from paediatricians and community therapists to 
include adequate numbers of such less affected children (i.e. those at GMFCS level I). 
 
There are also those children with cerebral palsy that have hemiplegia, with one side of the 
body affected and there may be in-coordination due to control deficits on the impaired side 
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 and compensatory movement on the non-impaired side.  Winters et al. (1987) describe the 
gait in hemiplegic cerebral palsy with four types, depending on the number of joints and 
degree of involvement of these joints.  These differences could be further explored and 
measured using WCLA (Farmer and Pearce 2006; Farmer et al. 2008). 
 
13.4.2  Age 
Although the age, in terms of range and mean, of both the normal (mean age 10.1 years; 
range 6-15 years) and CP subjects (mean age 9.9 years; range 4-14 years) was comparable; 
the extent of the range was probably insufficient to show changes of intra-limb 
coordination with age because most development of gait occurs before the age of 3 years 
(Sutherland et al. 1988).  They also reported that gait was mature by 7 years of age.  The 
majority of subjects studied in this thesis, were over the age of 7 years with 1 normal girl 
and 2 CP boys under the age of 7.  This means that the current work does not explore the 
development of intra-limb coordination and consequently younger subjects would be 
needed for such work.  The researcher also notes that there was only one boy aged over 13 
years and therefore no conclusions about the effects of the adolescent growth spurt in boys 
can be deduced from this work. 
 
13.4.3  Repeatability 
At the outset work on the research on lower limb coordination that was identified in the 
literature described individual children as examples of the differences between normal and 
CP children (De Bruin et al. 1982). Only Sutherland et al. (1988) had studied a large cohort 
of children, but even they had not reported on the repeatability of their data and appear to 
have collected their data from each subject on a single occasion.  Few studies of children 
consider repeatability per se; Steinwender et al. (2000) considered the repeatability of the 
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 gait of 20 normal and 20 children with diplegic cerebral palsy within a day and between 
days.  The researcher was able to demonstrate that her data for normal subjects had similar 
results for the coefficient of multiple correlation (CMC) to this author’s published data and 
was repeatable within each session of data collection.  The lower CMC values for the 
children with cerebral palsy indicates that their gait patterns are more variable within a 
single data collection session than the normal children studied, and than the children with 
cerebral palsy studied by Steinwender et al. (2000). 
 
The inter-day repeatability could be considered by recruiting a further cohort of subjects 
and collecting data on two separate occasions with the markers being placed by the same 
clinician.  The inter-rater repeatability could be considered by collecting data from 2 
marker placers on the same day.  The order of marker placer would need to be randomized 
to avoid order effect. 
 
In the researcher’s laboratory the clinicians’ inter-rater repeatability is checked by all the 
clinicians placing markers on the sample subject and their data being compared.  It is not 
practical to do this work all on one day but the work is normally completed in 3 days over 
the period of 2-3 weeks.  This gives the researcher reasonable confidence in the inter-rater 
repeatability of the data used in this study.   
 
13.4.4  Sample size 
At the start of this work the researcher was unable to find any appropriate quantitative data 
on intra-limb coordination to permit the researcher to calculate an appropriate sample size.  
De Bruin et al. (1982) published work offering single case examples and Clark et al. (1988) 
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 presented their data (segmental angles relative to the horizontal, as opposed to joint angles 
used by the researcher) as phase portraits and histograms.   
 
The researcher’s unit was at the early stages of developing a normal data base and so the 
researcher took the pragmatic approach of utilizing this data as the basis for her normal 
subjects and selecting the same number of children with diplegic cerebral palsy to develop 
a quantitative method of measuring intra-limb coordination for the lower limbs during gait.   
 
Since Steinwender et al. (2000) had used 20 subjects in each group, the researcher chose 
this sample size for this exploratory work.  The results from the normal children (Table 
8.1) have low values for standard deviation and the confidence intervals for these data are 
below 2% of the gait cycle indicating that this sample size is sufficient to describe the 
phasic parameters in normal children.  This sample size has proved adequate to 
demonstrate the potential of this technique to show differences of the intra-limb 
coordination between normal children and those with diplegic cerebral palsy.  In Tables 9.1 
and 9.2 it can be seen that many of the parameters have p values that exceed p≤0.05 and 
observed power above 0.8. with the majority of Hip/Knee phasic parameters with p≤0.01  
and observed power≤0.9, and Knee/Ankle parameters p≤0. 0001 with observed power≤0.9 
indicating that there are real differences in the intra-limb coordination of these phasic 
parameters between the normal children and those with cerebral palsy.  These include the 
phasic parameters; Hip/Knee in-phase extension in swing phase (HKIPESw) and Knee 
Stasis (KS).  The researcher had anticipated that these features would differ between 
normal children and those with cerebral palsy.  Such differences in coordination are of 
relevance to clinical practice as they are likely to require novel treatment strategies to 
normalize coordination.  Using the data presented in Chapter 9 in Table 9.2 the sample size 
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 required, to give an a priori power of 0.8 for all the Hip/Knee and Knee/Ankle parameters 
that are significantly different p≤0.05, is a total of 50 subjects.  This rises to a total of 74 
subjects if Hip/Ankle parameters that are significantly different at p≤0.05 are to be 
considered. 
 
When, however, the differences within the children with cerebral palsy were explored the 
sample size of 20 subjects was inadequate to confidently differentiate between GMFCS II 
and GMFCS III subjects because few parameters were significantly different between these 
groups for p≤0.05.  The comparison of these groups with the normal groups does however 
show some parameters that are significantly different for GMFCS III but not for GMFCS 
II.  The size effect for the difference of HAIPF (a parameter that was significantly different 
between GMFCS II and GMFCS III) was calculated using Cohen’s d = 0.748 and this 
requires a total sample size of 60 subjects to give an a priori power of 0.8. 
 
If a similar approach is taken to the differences between the stiff knee and synergistic 
patterning groups, the majority of parameters are significantly different from normal for 
one group but not for the other group.  The sample size required to give a priori power of 
0.8 was discussed at paragraph 10.4.3 and was found to be a total of 58 subjects for the 
parameter with the lowest observed power (i.e. HAIPEST). 
 
13.4.5  Symmetry 
At the outset of this work the researcher had not considered that symmetry would be an 
issue but some asymmetry in the phasic parameters measured in this thesis is apparent in 
all the children studied.  The variability of the asymmetry is greater in the CP children.  
Sadeghi et al. (2000) reviewed the literature on gait symmetry and found that symmetry is 
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 often assumed, but indicated that there was debate as to whether asymmetry was related to 
laterality.  Recent work (Crenshaw and Richards 2006) described a method of comparing 
the waveforms of right and left limb joints but the researcher has not found any reports that 
discuss coordination asymmetries. 
 
This study has shown that there was a tendency for more asymmetrical phasic parameters 
in the children with cerebral palsy than in the normal children.  The researcher considers 
that this aspect of gait warrants further investigation to determine if asymmetry values are 
related to laterality.  It would also be of interest to confirm the parameters that are most 
often asymmetrical in children with cerebral palsy.  The results presented in Table 11.4 
lead the researcher to speculate that these differences may include in-phase extension in 
stance and antiphase. 
 
13.4.6  Pre-post intervention 
In the UK although some treatments are planned using 3 dimensional gait analysis less are 
routinely evaluated in this way after treatment; thus the availability of such data for 
comparison purposes is limited.  Such data as is available has been collected in response to 
clinical requirements.  The length of time between planning data collection and surgery can 
vary on the basis of the child’s availability (due to other commitments including the child’s 
academic activity) and resources at the treating hospital.  Although the post treatment data 
should be collected at 1 year post surgery the timing of this data collection can also vary, 
so some confounding variables are evident in the data presented. 
 
The sample size of 6 subjects pre and post surgery was small but demonstrates the 
potential of this technique to show differences in coordination after treatment.  To confirm 
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 significant difference in the phasic parameters a priori power of 0.8 would need 11 subjects 
with data collected before and after SDR.  For the MLS subjects, however, 45 subjects 
would be required to consider the pre and post operative differences. 
 
An alternative strategy would be to compare a treated group with a non-treated group 
matched for age, GMFCS level, GGI and Symmetry.  The other main limitation of the 
work on pre and post intervention groups was the difference in ages of the children who 
had SDR compared to the older children who had multi-level surgery.  The SDR subjects 
were still pre-pubescent when their post operative data was collected.  Rosenbaum et al. 
(2002) have studied the development of gross motor function up to the age of 12 years, 
showing that their function plateaued from the age of 7 years.  The MLS subjects were in 
their mid-teens when their post-operative data was collected indicating that they would 
have been experiencing their adolescent growth spurts.  This is known to be a period when 
contractures develop and gait patterns deteriorate. (Johnson et al. 1997; Gough et al. 2004) 
and thus the natural history of cerebral palsy would lead one to expect a deterioration.   
There are a number of ways in which these age sampling issues can be addressed.  A group 
of pre and post-operative SDR children could be compared with an age matched group of 
normal children; a similar approach could be taken with the MLS children.  It would also 
be possible to consider the outcomes for both groups when they reach skeletal maturity, 
however, there may to be some difficulty in obtaining comparative data from children who 
had not had any surgical intervention during this period. 
 
Multilevel surgeries for children with cerebral palsy are complex procedures that introduce 
many variables that are difficult to control in research design. To recruit the sample size 
(45 children) required it would be necessary to set up a multi-centre trial.  Each child 
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 undergoes an individualized package of surgery.  The clinical decision making varies 
between surgeons as does the precise nature of the surgery performed. 
 
13.5  Conclusion 
Despite these limitations the researcher intends to persue the development of within limb 
coordination assessment by utilizing the data from this thesis to calculate sample sizes for 
confirmatory work. 
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 Chapter 14 Future work 
 
In order that some of the limitations can be addressed further work is required to confirm 
or refute the findings of this preliminary work on a novel method of quantifying intra-limb 
coordination during gait.  The current data can be used to determine appropriate sample 
sizes.  This concluding chapter gives details of some confirmatory work and indicates 
possible future applications of within limb coordination assessment within the 
rehabilitation context. 
 
14.1  Confirmatory work 
14.1.1  Phasic parameters in the gait of normal children 
The following null hypotheses should be considered:  
 
1. There are no significant differences in the phasic parameters between male and female 
subjects aged 3-18 years at a significance of p≤0.01 tested with Univariate ANOVA 
 
2. There are no associations between age and the phasic parameters of gait intra-limb 
coordination of normal subjects aged 3-18 years at a significance of p≤0.01 compared 
with Pearson’s Coefficient of Correlation 
 
3. There are no associations between speed and the phasic parameters of gait intra-limb 
coordination of normal subjects aged 3-18 years at a significance of p≤0.01 compared 
with Pearson’s Coefficient of Correlation 
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 4. There are no differences between the right and left limb phasic parameters of gait intra-
limb coordination of normal subjects aged 3-18 years at a significance of p≤0.01 tested 
with univariate repeated measure ANOVA. 
An increased sample size of 40 subjects would be required to retain a confidence interval 
≤2.4 for all parameters but increase significance from p≤0.05 to p≤0.01.  The data 
collection and processing techniques described in Chapters 5-7 should be used to calculate 
the phasic parameters of gait. 
 
14.1.2  Differences between the phasic parameters of normal children and children 
with cerebral palsy 
The work reported in this thesis gives the researcher some confidence that there are 
significant differences between the hip/knee and knee/ankle phasic parameters of normal 
children and children with cerebral palsy.  For hip/ankle parameters the differences require 
further exploration; a sample size of 74 subjects would be required to give an a priori 
power of 0.8. 
 
The null hypothesis that there are no differences between phasic parameters of gait intra-
limb coordination of normal subjects and those with cerebral palsy at a significance of 
p≤0.05 analysed using a Univariate ANOVA should be considered. 
 
14.1.3  Differences between the phasic parameters of children with cerebral palsy 
In the thesis, children with cerebral palsy were classified in three ways.  Each of these 
groupings needs to be tested with a larger sample size to accept or reject the following null 
hypotheses: 
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 1. There are no differences between children with cerebral palsy grouped according to 
their GMFCS classification, significant at p≤0.05 
As children at GMFCS level I are less affected, the size effect of any differences 
would need to be considered in determining sample size. Therefore a small sample 
of children at GMFCS level I (10 children) should be recruited and their data 
processed to give their intra-limb phasic parameters of gait.  These data would be 
compared with the current GMFCS Level II and Level III data to determine size 
effect and calculate a priori the sample size required to consider the differences for 
these three levels of Gross Motor Function.   
These data would be analysed using Univarate ANOVA. 
 
2. There are no associations between age and phasic parameters of gait intra-limb 
coordination of children with cerebral palsy at GMFCS Level I, GMFCS Level II 
and GMFCS Level III. 
This would be analysed with Pearson’s Coeffcient of Correlation. 
 
3. There are no differences between children with cerebral palsy grouped according to 
their total limb pattern classification, significant at p≤0.05 
A sample size of 58 subjects would be required to give an a priori power of 0.8. 
 
4. There are no differences between children with cerebral palsy treated with Selective 
Dorsal Rhizotomy and untreated, age and GMFCS level matched children with 
cerebral palsy before treatment and at one year later. 
This would require 11 subjects in the SDR group and a further 11subjects in the 
non-SDR group to give an a prior power of 0.8  
 217
 The results would be analysed using the related student’s t test to consider the data from 
the same subjects and an unrelated t test to compare treated and non treated subjects. 
 
14.2  Emerging thoughts on intra-limb coordination 
In adopting a quantitative approach the complexity of the phasic relationships between 
joint movements within the lower limb has become apparent.  The researcher’s original 
idea was that cerebral palsied gait might divide into 2 main groups;  
• immature with high levels of in-phase activity especially in terminal swing with hip 
and knee extension causing initial contact with toe strike 
• spasticity with stiff knee gait.  
This has proved to be an over-simplification.  A recent paper (Toro et al. 2007) has used 
cluster analysis to look at sagittal gait patterns in children with cerebral palsy.  They 
divided their 76 subjects (20 normal and 56 CP) into 13 clusters, indicating the variety of 
coordination patterns adopted by CP children.  Their method of clustering uses joints 
angles at initial contact and maximum and minimum joint angles for stance and swing 
phases.  There may be some way of using clustering techniques that include phasic 
parameters in addition to joint angles that may refine this classification of gait patterns. 
 
The researcher’s method showed that there were differences in the phasic relationships 
between joints between normal and CP children both in the mean values of these 
parameters and in the variability about these mean values.  These differences appear to be 
shorter periods of antiphase (suggesting a lack of ability to decouple synergistic joints 
actions) and longer periods when joints are immobile (suggesting that children with 
cerebral palsy have difficulty changing the direction of joint motion).  Some of the 
researcher’s CP subjects displayed increased in-phase joint motion as well as increased 
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 joint stasis so that the percentage of the gait cycle when the joints move in opposite 
directions or antiphase is reduced compared to normal.  There were, however, instances 
when there were changes in the relative proportions of the in-phase motion and joint stasis 
that left the same percentage of the gait cycle in antiphase; thus each element of phasic 
parameters needs to be considered when describing coordination.   
 
In this thesis all antiphasic motion is considered together but in future work it may be 
appropriate to consider whether this antiphasic motion is occurring during stance or swing 
or indeed during the transition periods of double stance.   
 
In viewing the graphs of phasic parameters using the shading technique shown in Chapter 
6 for individual subjects, the abnormalities can be visually identified.  By displaying data 
from 2 joints, on a graph this does not simply demonstrate the reduced range of motion or a 
delay in peak values, it allows the viewer to consider the association between the motion at 
the 2 joints viewed together.  In some instances the failure to isolate motion of one joint 
from another can be seen.  If these graphs are viewed with kinetic and clinical data it may 
allow the therapist to consider how and why the coordination abnormalities occur and how 
remediation could be effected.   
 
It may be helpful in future work to write software to automate this visual representation of 
intra-limb coordination so that this information is more easily accessed. 
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 14.3  Potential applications 
14.3.1  Towards understanding neurological damage 
This work has led the researcher to speculate if there is a link between the phasic parameter 
ratios and the level of neurological damage.  Could excessive in-phase activity be due to 
lack of supraspinal influence on Locomotor Programme Generators (LPGs) so that the 
unmodulated synchronous flexion and extension persist?  Could the excessive joint stasis 
be due to predominance of supraspinal influences over-damping the action of the LPGs?  
Such questions require further research, perhaps utilizing recently developed scanning 
techniques (e.g. Positron emission tomography) that identify neural activity during 
movement and relating this to intra-limb coordination. 
 
14.3.2  The development of intra-limb coordination 
The researcher does not currently have access to data from newly independent walkers or 
children under the age of 3 years.  The researcher may contact other researchers who have 
measured the gait of very young children (Hallemanns et al. 2005) to discuss the 
possibility of collaboration to explore the development of intra-limb coordination in young 
children. 
 
14.3.3  Evaluating the effect of weight relief on coordination 
Clark et al. (1988) have shown that partial weight relief improves coordination in normal 
infants.  There is emerging evidence that the use of partial weight relief over treadmills 
affects coordination (McNevin et al. 2000).  The researcher is interested to measure this 
effect with the technique developed in this thesis (Within Limb Coordination Assessment, 
WLCA, Farmer et al. 2006) to determine if partial weight relief does indeed facilitate more 
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 normal intra-limb coordination to further investigate the use of weight relieving walking 
systems developed at the researcher’s unit (Broadbent et al. 2000). 
 
14.3.4  Describing adult intra-limb coordination 
Further work is required to describe the phasic patterns for adult gait.  Daly et al. (2007) 
use the data from 5 normal adults for comparison with their patients, indicating that they 
believe this to be an adequate sample of normal adult gait.  The researcher, however, notes 
that there are suggestions in the literature that there is some regression of gait parameters in 
the elderly when there are sensory losses (Woollacott and Shumway-Cook 1990); this 
could also be explored with WCLA. 
 
14.3.5  Measuring other modes of locomotion 
There are other modes of locomotion (e.g. running) that could be described using this 
technique, the within limb coordination assessment (Farmer et al. 2006), and so could the 
phasic parameters used for other pathologies be described.  The researcher has observed 
differences in intra-limb coordination of people post stroke (Farmer and Pearce 2006) and 
many other researchers have described the gait patterns after stroke including Eng and 
Tang (2007) and Kinsella and Moran (2008).   
 
For some people after a stroke there appears to be increased in-phase motion with 
hyperflexion of the hip and knee.  Other people (after stroke) advance their stiff plegic 
limb by circumduction.  These and other intra-limb coordination patterns used in walking 
after stroke could be explored with the technique described in this thesis and their 
remediation evaluated.  
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 14.4  Conclusion 
In this thesis the researcher has begun to measure the complexity and variability of intra-
limb coordination.  The techniques described in this thesis provide additional ways to 
describe and measure intra-limb coordination that open up new opportunities to consider 
this aspect of gait.  Although a qualitative method was not validated the technique used in 
this thesis to display the kinematic data from two coordinating joints on the same graph 
allows the observer to qualitatively assess the intra-joint coordination. 
 
The WLCA can be condensed to give a ratio of in-phase/antiphase and stasis between 
joints.  The data of normal children is available for comparison with that of children with 
cerebral palsy or other gait disorders.  This thesis has shown that intra-limb coordination is 
disordered in children with cerebral palsy as they have: 
• less dissociation of joint motion  
• increased joint stasis  
• increased variability of phasic parameters 
compared to normal children. 
 
The researcher intends to continue to explore intra-limb coordination initially seeking 
funding to consider the null hypotheses with respect to describing normal intra-limb 
coordination and the differences between normal children and children with cerebral palsy.  
This information will be made available through publication so that physiotherapists can 
consider how they should treat children with cerebral palsy to normalize their phasic 
parameters of gait. 
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 Glossary 
 
  
Adolescence:  The period between childhood and attaining the physical characteristics of 
an adult 
 
Agonist:  This term is used to describe the muscle that contracts to produce a joint 
movement 
 
Antagonist: This is the tem used to describe the muscle which can oppose the action of the 
agonist. 
 
Ambulation:  The act of walking 
 
Anthropometric measures:  Measures of body dimensions 
 
Antiphase:  The part or parts of the gait cycle when joints move in opposite directions 
 
Apoptosis:  Cell death 
 
Asymmetric Tonic Neck Reflex (ATNR):  A reflex present in the neonate seen when the 
head turns, the arms extends away from the face and the other arm flexes towards the back 
of the head 
 
Bottom Shuffling:  A mode of locomotion used by infants who move about in sitting 
 
Bunny Hopping:  A mode of locomotion from a crouching position in which the child 
reaches forward and takes weight through their hands before jumping both feet forward to 
just behind the hands 
 
Coefficient of Multiple Correlation:  A statistical method used to compare the 
continuous data of individual gait cycles with respect to their repeatability 
 
Cadence:  The number of steps per minute 
 
Cerebral Palsy:  A non-progressive condition resulting from brain injury or mal-
development resulting in spasticity, paralysis and impaired motor control 
 
Central programme generators:  These regions within the spinal cord produce cyclic 
flexion and extension of the limbs 
 
Co-contraction:  A condition when muscles contract together 
 
Contracture:  A condition of a joint where the connective tissue has shortened and 
prevents the joint moving through a full range of motion 
 
Contra-lateral:  On the opposite side of the body 
 
Coronal Plane:  The longditudinal plane that goes from one side of the body to the other. 
It is also called the frontal plane. 
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Cortical:  Of the cortex, a part of the brain 
 
Crawling:  A mode of locomotion when the weight is take on the hands and lower legs 
with alternate limbs moving .i.e. Right hand then left leg, followed by left hand and right 
leg 
 
Creeping:  A mode of moving when alternate arm moves are used to pull the body and 
legs across the floor 
  
Crouch Gait:  When the knee is flexed at more than 30º throughout the gait cycle 
 
Cruising:  A mode of moving by stepping sideways and using furniture as a support 
 
Digitigrade:  Walking on toes 
 
Diplegia:  Lower limbs affected (by cerebral palsy) 
 
Distal:  Away from the centre of the body   
 
Dorsiflexion:  Movement of the foot towards the anterior surface of the lower leg usually 
occurring at the ankle joint 
 
Double Support:  During walking when both feet are in contact with the floor 
 
Early Stance:  The first part of the gait cycle referring to the limb that is accepting the 
body weight 
 
Early Swing:  The first part of swing phase when the foot is lifted from the floor 
 
Electrogoniometer:  An electronic device that is used to measure joint motion 
 
Electromyography:  A way of recording myoelectrical signals of muscle activity. 
 
End stance:  The last part of stance phase before the foot is lifted from the floor 
 
Extra-pyramidal signs:  Abnormal movements caused by damage to the neural system 
 
Extensor Thrust:  A reflex motion extending the body and lower limbs 
 
Femoral rotation:  A movement about the axis of the thigh bone 
 
Flat foot strike:  This is when the heel and the fore foot make contact with the ground 
simultaneously. 
 
Foetus:  A term used for the baby growing in the womb 
 
Foot Placement reactions:  The reaction seen when the plantar surface of the foot touches 
a support surface 
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 Gait Cycle:  A single sequence of events between two sequential initial contacts of the 
same limb 
 
Goniometer:  An instrument to measure joint angles 
 
Gross Motor Function:  The ability to perform large movements such as crawling, 
walking, running etc. 
 
Heel Strike:  The mode of initial contact when the heel contacts the floor first. 
 
Hemiplegia:  When one side of the body is affected or paralysed (in cerebral palsy) 
 
Hyperextension:  Over straightening 
 
Hyperflexion:  Over bending 
 
Initial Contact:  First contact of the limb with the floor, during walking (normally with 
the heel) 
 
In-phase extension:  Motion when joints extend(or straighten) at the same time 
 
In-phase flexion:  Motion when joints flex (or bend) at the same time 
 
In-phase motion:  The movement of joints is in the same direction  
 
Intra-limb Coordination:  The coordination between joint within the same limb. 
 
In utero:  In the womb  
 
Ispi-lateral:  On the same side of the body 
 
Joint Stasis:  This is the condition when a joint is not moving. 
 
Kinematic:  Of joint motion 
 
Kinetic:  Of force 
 
Knee Wave:  The way the knee flexes when weight is accepted onto the limb during 
loading response. 
 
Laterality:  A term used to describe the predominance of right or left limb for phasic 
parameters 
 
Late swing:  The last part of swing phase 
 
Limb advancement:  The forward motion of the swing limb. 
 
Loading Response:  The first part of the gait cycle when weight is accepted onto the 
stance limb 
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 Locomotor programme generators:  An alternative name fro central programme 
generators  
 
Lower Limb:  Leg 
 
Lower limb coordination:  Refers to the interaction between the lower limb joints, intra-
limb when referring to joints within the limb and inter-limb to joints of both lower limbs.  
 
Mid stance:  The first part of single stance 
 
Mobility:  Able to move 
  
Moro reflex:  Also know as the startle reflex when an infant responds to an unexpected 
stimulus e.g. a load noise by firstly throwing arms outwards and extending the back and 
neck and then bringing their arms together. 
 
Myelination:  Formation of the insulating substance (myelin) around nerves 
 
Normal children:  This term is used for children without any know impairments. 
 
Neck righting reflex:  When the head is turned the body realigns with the head position 
 
Neonates:  A newly born infant 
 
Neural Networks:  A group of connected nerves 
 
O2 cost:  The amount of oxygen used per metre walked 
 
Paediatric:  related to children 
 
Parachute Reactions:  When an infant is held by its trunk and then suddenly moved 
towards the floor the infant will extend its arms as a protective mechanism 
 
Pelvic rotation:  Motion of the pelvis in the transverse plane 
 
Pelvic tilt:  Motion of the pelvis in the sagittal plane 
  
Phase angle:  A complete consists of 3600 and thus the phase angle is the angle that 
describes a given point in the phase 
 
Phase portrait:  For a given joint the joint angle is plotted against the phase angle to give 
a graph of the complete phase. 
 
Phasic Parameter:  This is the collective term used to describe the relationships of joints 
to each other expressed as a percent of the gait cycle. 
 
Plantarflexion:  The movement of the foot away from the anterior surface of the shank 
with motion occurring in the ankle joint 
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 Prematurity:  This refers to infants born before the normal gestation period of 40weeks. 
An infant is considered premature if it is born before 37 weeks 
 
Pre-swing:  The last part of stance phase, in normal gait is also double support  
 
Preterm:  This term is used to describe a baby before 40 weeks gestation 
 
Primitive reflexes:  These are reflexes seen in the neo-natal period but disappear when a 
child develops normally 
 
Prognosis:  A forecast of the course of a disease 
 
Prone:  Lying face down 
 
Proximal:  Situated near the centre of the body 
 
Quadriplegia:  When all four limbs affected spasticity or paralysis due to cerebral palsy 
 
Reflex:  An automatic response to a stimulus 
 
Rolling:  During infancy a method of moving by turning over and over 
 
Sagittal Plane:  The longditudinal plane, from front to back of the body 
 
Shank:  The refers to the lower leg or segment between the knee and ankle 
 
Single Stance:  During walking when only one foot is in contact with the floor 
 
Single Support:  Is an alternative expression for single stance 
 
Spastic:  A muscle is said to spastic when it has a velocity depend stretch reflex 
 
Spinal circuits:  Groups of nerves within the spinal cord 
 
Stability:  when referring to posture this term indicates ability to maintain a posture 
 
Stance phase:  The period of the gait cycle when the foot is on the ground 
 
Step Length:  The distance between two sequential initial contacts of left and right feet.  
 
Stepping Reflex:  When the soles of a neonate’s feet touch a support surface they respond 
by a stepping action 
 
Stride Length:  The distance between two sequential initial contacts of the same foot. 
 
Stiff Knee Gait:  When the knee fails to flex adequately in swing phase 
 
Supine:  Lying on the back 
 
Supraspinal centres:  The part of the nervous system above the spinal cord. 
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Swing phase:  The period of the gait cycle when the foot is not in contact with the floor. 
 
Symmetrical Tonic Neck Reflex (STNR):  When the neck is flexed the body responds by 
flexing and when the neck is extended the body responds by extending 
 
Synergistic:  A term used to describe a movement when joints move together in the same 
direction. 
 
Temporal sequencing:  When events occur in order determined by time 
 
Terminal Stance:  The second part of single stance 
 
Terminal Swing:  The last third of limb advancement occurring in swing phase 
 
Three point gait:  A style of walking using 2 sticks or crutches. The aids are moved 
forward, the person steps with one leg and then the other leg 
 
Tibial Arrest:  This is when the shank or tibia stops moving forward during the stance 
phase of gait so that the tibial fails to achieve its normal inclination. 
 
Tibial rotation:  Movement of the shank or tibia in the transverse plane 
 
Toe Strike:  The mode of initial contact when the toes contact the floor first. 
 
Torque:  A term describing the effect of a force in rotating a structure about a pivot  
 
Transverse plane:  The horizontal plane of the body. 
 
Triplegia:  Lower limbs and one arm affected (by cerebral palsy) 
 
Trophic factor:  A factor relating to nutrition 
 
Upper Motor Neurone Syndrome:  A set of symptoms that occur when the motor nerves 
from the cortex that descend through the spine are damaged.  
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 Abbreviations 
 
AFO     Ankle Foot Orthosis 
AntiP     Antiphase 
ANTIP    Antiphase 
AP     Antiphase 
AS     Ankle Stasis 
ASym     Asymmetrical 
ATNR     Asymmetrical Tonic Neck Reflex 
CMC     Coefficient of Mutiple Correlation 
CGA     Clinical Gait Analysis 
CP     Cerebral Palsy 
CRP     Continuous relative phase 
DHW     David Hart Walker 
DRP     Discrete Relative Phase 
EMG or Emg    Electromyography 
GC     Gait Cycle 
GMFCS    Gross Motor Function Classification System 
GMFM    Gross Motor Function Measure 
HA     Hip/Ankle 
HAANTIP    Hip/Ankle Antiphase 
HAIPESt    Hip/Ankle In Phase Extension in Stance 
HAIPEt    Hip/ Ankle In Phase Extension in Stance 
HAIPESw     Hip/ Ankle In Phase Extension in Swing 
HAIPEw     Hip/ Ankle In Phase Extension in Swing 
HAIPF    Hip/Ankle in phase flexion 
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 HATS     Hip/Ankle Total Stasis 
HK     Hip/Knee 
HKANTIP    Hip/Knee Antiphase 
HKIPESt    Hip/Knee In Phase Extension in Stance 
HKIPEt    Hip/Knee In Phase Extension in Stance 
HKIPSw    Hip/Knee In Phase Extension in Swing 
HKIPEw    Hip/Knee In Phase Extension in Swing 
HKIPF    Hip/Knee in phase flexion 
HKTS     Hip/Knee Total Stasis 
HS     Hip Stasis 
IP     In phase 
IPE     In Phase Extension 
IPESt     In Phase Extension in Stance 
IPEt     In Phase Extension in Stance 
IPESw    In Phase Extension in Swing 
IPEw     In Phase Extension in Swing 
IPF     In Phase Flexion 
L     Left 
LGS     Locomotor Guidance System 
JS     Joint Stasis 
KA     Knee/Ankle 
KAANTIP    Knee/Ankle Antiphase 
KAIPESt     Knee/Ankle In Phase Extension in Stance 
KAIPEt     Knee/Ankle In Phase Extension in Stance 
KAIPESw     Knee/Ankle In Phase Extension in Swing 
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 KAIPEw     Knee/Ankle In Phase Extension in Swing 
KAIPF    Knee/Ankle in phase flexion 
KAD     Knee Alignment Device 
KAFO     Knee Ankle Foot Orthosis 
KATS     Knee/Ankle Total Stasis 
KPlat     Knee plateauing 
KS     Knee Stasis 
MMW     Modified Mullholland Walkabout 
MW     Mullholland Walkabout 
N     Normal 
Plat     Plateauing 
R     Right 
RSWF     Rear Support Walking Frame 
SK     Stiff Knee 
SMO     Supra-Malleolar Orthosis 
SP     Synergistic Patterning 
SWAM    Supported Walking Assessment Measure 
Sym     Symmetrical 
THKAFO    Trunk Hip Knee Ankle Foot Orthosis 
TotPlat    Total Plateauing 
 
TOTPLAT    Total Plateauing 
 
TSCI     Total Symmetry Coordination Index 
 
VSO     Variable Specification Orthosis 
 
WLCA    With-in Limb Coordination Assessment 
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 Symbols 
∑    This symbol means add all together 
 
p    This symbol is used to indicate the level of significance 
 
x     The square root of x 
 
 
 
Equipment 
 
Codamotion 
Charnwood Dynamics Ltd., 
Unit 2, Victoria Mills,  
Fowke Street, Rothley,  
Leicestershire, LE7 7PJ, 
United Kingdom. 
 
Fastrak  
Polhemus40 
Hercules Drive,  
P.O. Box 560  
Colchester,  
VT 05446  
 
Vicon Motion Systems 
14 Minns Business Park,  
West Way,  
Oxford  
OX2 0JB,  
UK 
 
Biometrics Ltd 
Units 25 – 26 
Mile Point Industrial Estate 
Gwent 
NP11 7HZ 
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SUPPORTED WALKING ASSESSMENT MEASUREMENT SCORE 
FORM 
 
Level of Support 
 
Adult Shoulders Score 
 Trunk 6 
 Pelvis 5 
 Hands 4 
Orthosis THKAFO 1per hand 
 KAFO 8 
 AFO 3 each 
 SMO 2 each 
 Prescription footwear 1 
Walking Aid David Hart 1 
 Mullholland 8 
 Modified Mullholland 7 
 ORLAU RSWF 8 
 Arrow Walker 8 
 ORLAU rollator 7 
 Cheyne Walker 6 
 K Walker 7 
 Rollator 5 
 Rifton Walker 4 
 Quadripods/Tripods 7 
 Elbow Crutches 3 per pair 
 Sticks  2 per pair 
 Other 1 per pair 
  1 
 
Tick to indicate type of support 
 
Trunk and Head Posture 
 
Head control Normal/ Poor 
 ATNR observed 
Trunk Posture Erect/ Inclined Forwards/ 
Inclined Backwards 
 Symmetrical/ Asymmetrical 
 
 
Cross-out as appropriate  
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Foot/Ground Contact 
 
 Right Left 
Initial contact   
Midstance   
Terminal stance   
 
T  Toes in contact with floor 
W Whole foot in contact with floor 
H Heel in contact with Floor 
 
 
Lower limb coordination 
 
 Right Left 
Continuous stepping  
 
Step Length   
 
Double support   
 
Scissoring   
 
Total Limb Pattern   
 
Terminal swing   
 
Loading   
 
Mid-stance   
 
Terminal stance/Pre 
swing 
  
 
Early swing   
 
Mid-swing   
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Continuous stepping  
 CS the subject is able to keep stepping (ie 10 consecutive steps)  
 SS The subject starts and stops (usually seen with rollator)  
 
Step length  
VS very short-when there is no space between feet   
S Short when there is a short distance between the feet   
NS normal step when there is a normal distance between the feet 
 
Double support   
PDS Prolonged double support 
NDS Normal double support  
 
Scissoring  
SvS  severe scissoring  in the coronal view the forward leg crosses the other leg   
S  Scissoring  in the coronal view the forward foot is place across mid line. 
K K  Knees knocking  in the coronal view the knees touch in midstance/swing. 
N Normal step width 
W Wide base gait 
 
Total Limb Pattern 
PSD Flexion at hip, knee and ankle followed by extension of hip, knee and ankle   
PSP Hip and knee flex with plantarflexed ankle and hip and knee extend with plantarflexed ankle. 
 
Terminal swing   
NTSw (normal terminal swing)Hip is flexed , knee extends , ankle dorsiflexes  
ICTSw  incomplete coordination in terminal swing  Hip is flexed, knee partially extends, ankle fails 
to dorsiflex in terminal swing 
 
Loading Response 
N Normal knee flexion wave 
F Exaggerated knee flexion on loading 
HE  Loading into hyperextension. 
 
Midstance 
N Normal hip,knee and ankle posture 
CD Hip and knee flexed with dorsiflexed ankle 
CP Hip and knee flexed with ankle plantarflexed 
HE Hip flexed, knee overextended and ankle planarflexed 
 
Terminal stance/ Pre Swing 
NTSt (normal terminal stance)  The hip and knee are extended and the ankle dorsiflexed   
NPS ( normal preswing)  Hip and knee flex with ankle plantarflexion  
CTSt ( crouch terminal stance)  The hip remains flexed , the knee is flexed and ankle dorsiflexed 
HETSt (hyperextended knee in terminal stance)  The Hip is extended,knee hyperextended and ankle 
plantarflexed in terminal stance 
 
Early swing   
NESw (normal early swing) The hip and knee are flexing and the ankle dorsiflexing   
PESw (plantarflexed early swing) Hip and knee are flexed but the ankle remains plantarflexed. 
EESw (extended early swing) Hip flexing but knee slow in flexing, ankle remains plantarflexed 
 
Mid-swing 
N  Normal limb posture, hip flexing, knee flexed to 60º, Ankle position is neutral 
E Knee fails to flex beyond 40º, ankle remains plantarflexed. 
FD Hyperflexion of knee with ankle dorsiflexed 
FP Hyperflexion of knee with ankle plantarflexed. 
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SUPPORTED WALKING ASSESSMENT MEASUREMENT SCORE 
FORM 
 
Level of Support 
 
  Score 
Adult Shoulders 6 
 Trunk 5 
 Pelvis 4 
 Hands 1per hand 
Orthosis THKAFO 8 
 KAFO 3 each 
 AFO 2 each 
 SMO 1 
 Prescription footwear 1 
Walking Aid David Hart 8 
 Mullholland 7 
 Modified Mullholland 8 
 ORLAU RSWF 8 
 Arrow Walker 7 
 ORLAU rollator 6 
 Cheyne Walker 7 
 K Walker 5 
 Rollator 4 
 Rifton Walker 7 
 Quadripods/Tripods 3 per pair 
 Elbow Crutches 2 per pair 
 Sticks  1 per pair 
 Other 1 
 
Tick to indicate type of support 
 
Trunk and Head Posture 
 
Head control Normal/ Reduced/Poor 0/1/2 
 ATNR observed 2 
Trunk Posture Erect/ Inclined Forwards/ Inclined 
Backwards 
0/1/1 
 Symmetrical/ Asymmetrical 0/1 
Cross-out as appropriate  
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Foot/Ground Contact 
 Right Left 
Initial contact T/2 W/1 H/0 T/2 W/1 H/0 
Midstance T/2 W/0  T/2 W/0  
Terminal stance T/0 W/1  T/0 W/1  
 
T  Toes only in contact with floor 
W Whole foot in contact with floor 
H Heel only in contact with Floor 
 
 
Lower limb co-ordination 
 
 Right Left 
Continuous stepping  
 
Step Length   
 
Double support   
 
Scissoring   
 
Base Width   
 
Total Limb Pattern   
 
Terminal swing   
 
Loading   
 
Mid-stance   
 
Terminal stance/Pre 
swing 
  
 
Early swing   
 
Mid-swing   
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 Continuous stepping 
1 the subject is able to keep stepping (ie 10 consecutive steps) 
2 The subject starts and stops (usually seen with rollator) 
  
 Step length 
1 very short-when there is no space between feet   
2 Swing limb foot just in front of stance foot 
3 normal step when there is a normal distance between the feet 
  
 Double support( R double support is when R foot is the front foot) 
1 Prolonged double support 
2 Assymetrical double support 
3 Normal double support  
  
  
 Scissoring  
1 severe scissoring  in the coronal view the forward leg crosses the other leg   
2 Scissoring  in the coronal view the forward foot is place across mid line. 
3 Knees knocking  in the coronal view the knees touch in midstance/swing. 
  
 Base Width 
1 Narrow base 
2 Normal step width 
3 Wide base gait 
  
 Total Limb Pattern 
1 Flexion at hip, knee and ankle followed by extension of hip, knee and ankle   
2 Hip and knee flex with plantarflexed ankle and hip and knee extend with 
plantarflexed ankle. 
3 Knee immobile in some flexion with progression achieved by hip flexion and 
extension(this movement occurs without normal hip extension being achieved) 
4 Above patterns absent 
 Terminal swing   
1 Hip is flexed , knee extends , ankle dorsiflexes  
2 incomplete coordination in terminal swing  Hip is flexed, knee partially 
extends, ankle fails to dorsiflex in terminal swing 
3 The flexed hip partially extends to lower the flexed knee and plantarflexed 
ankle 
4 The flexed hip partially extends to lower the flexed knee and dorsiflexed 
ankle 
  
 Loading Response 
1 Normal knee flexion wave 
2 Exaggerated knee flexion on loading 
3 Loading into hyperextension. 
4 Absent or very small loading response 
  
 Midstance 
1 Hip in neutral position with ,knee in slight flexion and ankle at 900  
2  Hip and knee flexed with dorsiflexed ankle 
3  Hip and knee flexed with ankle plantarflexed 
4  Hip flexed, knee overextended and ankle plantarflexed 
5 Hip flexed, knee extended and ankle plantarflexed 
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 Terminal stance/ Pre Swing 
1   The hip and knee are extended and the ankle dorsiflexed   
2   The hip and knee extension with ankle dorsiflexion not seen   
3   Hip and knee flex with ankle plantarflexion  
4   Hip and knee flex with ankle plantarflexion not seen 
5   The hip remains flexed , the knee is flexed and ankle dorsiflexed  
6 Neutral hip extension with knee flexed and ankle dorsiflexed 
7 Neutral hip extension with knee flexed and ankle plantarflexed 
8 Neutral hip extension with knee extended and ankle dorsiflexed 
9 Neutral hip extension with knee extended and ankle plantarflexed 
10  The Hip is extended,knee hyperextended and ankle plantarflexed in terminal 
stance 
  
  
 Early swing   
1 The hip and knee are flexing and the ankle dorsiflexing   
2  Hip and knee are flexed but the ankle remains plantarflexed. 
3  Hip flexing but knee slow in flexing, ankle remains plantarflexed 
  
 Mid-swing 
1 N Normal limb posture, hip flexing, knee flexed to 60º, Ankle position is 
neutral 
2  Knee fails to flex beyond 40º, ankle remains plantarflexed. 
3 Knee fails to flex beyond 40º, ankle is dorsiflexed 
4  Hyperflexion of knee with ankle dorsiflexed 
5  Hyperflexion of knee with ankle plantarflexed. 
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SWAM Descriptions of Lower Limb Co-ordination 
 
 
Continuous stepping TL
P 
Se
v 
Scor
e 
1 The subject is able to keep stepping (ie 10 consecutive steps)  N 0 
2 The subject starts and stops (usually seen with rollator)  P 1 
     
Step length    
1 Very short-when there is no space between feet    P 3 
2 Swing limb foot just in front of stance foot  AD 2 
3 Swing limb foot in front of stance foot with a shorter than normal step 
length 
 MP 1 
4 Normal step when there is a normal distance between the feet  N 0 
     
Scissoring     
1 Severe scissoring  in the coronal view the forward leg crosses the other leg    SP 3 
2 Scissoring  in the coronal view the forward foot is place across mid line.  P 2 
3 Knees knocking  in the coronal view the knees touch in midstance/swing.  MP 1 
4 No scissoring  N 0 
     
Foot Progression (at mid-stance)    
1 Foot out toes  P 1 
2 Foot progression neutral  N 0 
3 Foot in toes  P 1 
     
Base Width (in double support look at foot ground contact position)    
1 Narrow base  (less than shoulder width)  P 2 
2 Normal step width  N 0 
3 Wide base gait (more than shoulder width)  AD 1 
     
Total Limb Pattern    
1 Flexion at hip and knee and dorsiflexion at ankle is followed by extension 
of hip, knee and plantarflexion at ankle. 
 PS  
2 Hip and knee flexion with plantarflexed ankle is followed by and hip and 
knee extension with plantarflexed ankle. 
 AD  
3 Progression is achieved by hip flexion and extension (this movement occurs 
without normal full hip extension being achieved) whilst the knee is 
relatively immobile in some flexion. The ankle can be dorsi or plantarflexed 
 SP 
 
 
4 Above patterns absent    
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When the subject is wearing an orthosis which immobilises a joint (e.g Ankle) 
add Ai to the numeric score against the first description of hip and knee 
within each section that applies. 
   
Terminal swing      
1 Hip is flexed , knee extends, ankle dorsiflexes to make foot /ground contact 4 N 0 
2 Hip is flexed or flexing as the knee partially extends, ankle fails to 
dorsiflex in terminal swing and foot ground contact is made 
4 MP 1 
3 The flexed hip partially extends to lower the flexed knee (which may 
partially extend) and plantarflexed ankle to make foot ground contact 
1or 
2 
PS
AD 
2 
4 The flexed hip partially extends to lower the flexed knee (which may 
partially extend) and dorsiflexed ankle to make foot ground contact 
3 or 
4 
P 2 
     
Loading Response (knee movement is seen on weight acceptance)    
1 Normal knee flexion on loading  N 0 
2 Exaggerated knee flexion on loading  SP 3 
3 Loading into hyperextension of the knee.  P 2 
4 Absent or very small loading response   1 
     
Midstance    
1 Hip in neutral position with knee in slight flexion and ankle at 900/slight DF  N 0 
2 Hip and knee flexed with dorsiflexed ankle  SP 3 
3 Hip and knee flexed with ankle plantarflexed  P 2 
4 Hip flexed, knee overextended and ankle plantarflexed  P 2 
5 Hip flexed, knee extended and ankle plantarflexed  MP 1 
     
Terminal stance/ Pre Swing    
1 The hip and knee are extended and the dorsiflexed ankle plantarflexes   4 N 0 
2 The hip is extended, knee hyperextended and ankle plantarflexes further 4 P 2 
3 Neutral hip extension with knee extended and ankle plantarflexes 4 MP 1 
4 Neutral hip extension with knee flexed and ankle plantarflexes 3or
4 
P 2 
5 The partially extended hip and knee flex with ankle plantarflexion 2or
3 
AD 1 
6 The partially extended hip and knee flexes with ankle dorsiflexion 1or
3 
PS 3 
7 Neutral hip extension with knee extended and ankle dorsiflexes 4 P 2 
8 Neutral hip extension,  knee flexes and ankle dorsiflexes 3 P 3 
9 The hip remains flexed , the knee flexes and ankle overdorsiflexes 3or
4 
SP 4 
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Initial swing      
1 The hip and knee are flexing and the ankle dorsiflexing   1 PS 
orN 
0 
2 Hip and knee are flexing but the ankle remains plantarflexed. 2 AD 1 
3 The hip is flexing but knee slow in flexing, ankle remains plantarflexed 3 P 2 
4 The hip is flexing but knee slow in flexing, ankle remains plantarflexed and 
toes drag on floor 
3 SP 3 
5 The hip flexes, knee is flexed and ankle dorsiflexes 3or
4 
SP 3 
6 The hip flexes, knee is flexed and ankle plantarflexes 2 P 2 
Mid-swing    
1 Normal limb posture, hip flexing, knee flexed to 60º, Ankle position is 
neutral 
4 N 0 
2 Hip flexing, knee fails to flex beyond 40º, ankle remains plantarflexed. 3 P 2 
3 Hip flexing, knee fails to flex beyond 40º, ankle is dorsiflexed 3 P 2 
4 Hip flexing, knee flexed<60º and ankle dorsiflexes 3 P 3 
5 Hip flexing, knee flexed<60º and ankle is plantarflexed 3 P 3 
6 Hyperflexion of hip and knee with ankle dorsiflexed 1 PS 2 
7 Hyperflexion of hip and knee with ankle plantarflexed. 2 AD 1 
8 Hip flexion is delayed and reduced but knee flexion is 60º and ankle 
remains plantarflexed 
4 P 1 
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ORLAU 
ROBERT JONES AND AGNES HUNT ORTHOPAEDIC AND DISTRICT NHS TRUST 
 
QUALITY ASSURANCE MANUAL 
 
PROCEDURE APPROVAL REFERENCE 
TITLE: 3D Movement Analysis 
Marker Placement Protocol 
JOB TITLE: 
 
No: MAS OP 111
  
 NAME: ISSUE:  1  
DATE: July 2002 SIGN: PAGE:  1 of  4 
 
Purpose 
This operating procedure gives instructions for anthropometric measurements and marker placement as 
a precursor of 3D data collection. 
 
Responsible Staff 
Physiotherapist (PHYS). For taking Anthropometric Measurements 
 For Placement of Markers  
Lab Technician (LTEC) For assisting with patient preparation and recording  
  measurements 
 
 
Preparation Work Required 
1. General preparation (MAS OP 101) 
2. Apply adhesive tape to Markers 
3. Sharpen eyeliner for surface marking if required 
4. Ensure measurement tools are available 
 
Test Protocol 
 
ITEM  ACTION                        RESPONSIBILITY 
  
 ANTHROPOMETRIC MEASUREMENTS 
 
PHYS  
1.1 Inter ASIS Distance 
Ask the subject to lie supine on the plinth 
1. For the palpation of each ASIS, stand on the side of the ASIS being 
palpated. 
2. Palpate the iliac crest to identify the general area of the ASIS with the outer 
hand. 
3. Using the inner hand flat, approach the ASIS from below. 
4. The first bony prominence should be the ASIS. 
5. Identify the tip of the ASIS with the middle finger. 
6. Mark the point immediately above the middle finger as the ASIS. 
Repeat the process on the opposite side, then use the metal callipers to measure 
the distance in cm between the two points. Record on MAS QF 110 
PHYS 
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1.2 Leg Length 
Measure with the patient supine, the knees maximally extended, and the 
operator stood on the side to be measured.  
Using a fabric tape measure hold the end on the point marking the ASIS with 
the proximal hand.  Gently pull the tape taught on a direct line to the medial 
malleolus with the distal hand. Hold the tape here with a finger just distal to the 
MM. Gently slide this finger up the tape until a bony ledge is felt. At this point 
record the measurement. 
Repeat on the opposite side. 
Record measurements on MAS QF 110 
PHYS  
 
 
 
 
 
 
 
 
PHYS or 
TEC 
1.3 Knee Width 
Identify and Surface Marking Knee Axis 
Lateral surface marking 
With the patient supine, stand at the side of the plinth, level with the knee. Flex 
the knee to 90o and palpate the lateral joint line. Use the other hand to identify 
the lateral epicondyle of the femur by sliding the hand along the outside of the 
femur.  Now palpate the dip of the popliteal groove between the epicondyle and 
the joint line. Move along the popliteal groove until between the tendon of 
biceps femoris and the lateral collateral ligament. The ITB should be above the 
palpating finger, and the lateral head of gastrocnemius should be below. Move 
anteriorly and proximally onto a boney nodule - the origin of the lateral 
collateral. Keep this point under the palpating finger as an assistant slowly 
extends the knee. Re-palpate (the ITB tends to obscure the point of palpation on 
extension). In extension mark this point.  
 
Medial surface marking 
With the patient supine, stand at the side to be palpated level with the knee. 
Flex the knee to 90o and from the patella tendon palpate the medial joint line. 
Identify the broad tibial collateral ligament and grasp this loosely between the 
thumb and forefinger of the “distal” hand. Maintaining this grasp extend the 
knee with the other hand. Then run the flattened fingers of the proximal hand 
down the lower medial side of the thigh to find the adductor tubercle. Mark this 
with the middle finger and place the index finger on the mid-point of the line 
that joins the adductor tubercle to the middle of the collateral ligament at the 
joint line. This is a flat, rather featureless area, but a small depression may be 
felt. This should be distal and slightly anterior to the adductor tubercle. Remove 
the finger from this point and mark the same spot with a pen.  
The distance between the surface markings of the knee joint axis, measured 
using the red callipers with the patient lying supine (cm). 
Record measurements on MAS QF 110 
 
PHYS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
PHYS or 
TEC 
1.4 Ankle Width 
Measure the widest part of the ankle malleoli measured using the red callipers 
with the patient lying supine (cm). 
Record measurements on form MAS QF 110 
PHYS 
 
 
PHYS or 
TEC 
1.5 Ensure that the patient’s height, weight and bimalleolar axis are recorded on 
MAS QF 110 
 
 
PHYS or 
TEC 
Appendix 5.1 
  265
 
 
 MARKER PLACEMENT 
 
PHYS 
2.1 
 
 
 
 
 
ASIS Marker Approach from the anterior 
1. Palpate along the crest to identify the ASIS with the thumb to give an 
indication of the general location of the ASIS. 
2. Stabilise the pelvis posteriorly on the ipsilateral side. 
Slide the middle finger of the flat medial hand up to hit the inferior edge of the 
ASIS. Place the marker immediately above. 
Repeat for other ASIS 
 
PHYS 
 
2.2 
 
Sacrum 
1. Observe the subject to see if dimples are visible. If not, palpate the PSIS 
directly by palpating medially over the posterior crest. 
2. Use the left hand to support the left illium. Put a finger of the right hand into 
the left dimple and move superiorly and laterally until the edge of the boney 
eminence can be felt. Now holding the pen in the left hand as close as 
possible to the right finger mark the PSIS.   
3. Change hands and repeat for the right PSIS. 
Now use the ruled edge of the clear plastic goniometer to identify the mid-point 
between the two marks PSISs. Mark this with the pen, and place a marker over 
it. 
PHYS 
2.3 Thigh Markers 
Make sure that the marker is away from the muscle bulk to minimise 
movement, below the level of the swinging arm, is not obscured by clothing, 
but is at least 6-10cm away from the knee markers.  As KADs are used precise 
alignment is not necessary.   
PHYS 
2.4 Shank Markers 
Make sure that the marker is away from muscle bulk to minimise movement. 
But is at least 6-10cm from the ankle markers. Normally the cameras best see 
the marker when placed laterally. 
PHYS 
2.5 Ankle Markers 
Place the marker on the most lateral point of the malleolus 
PHYS 
2.6 Forefoot Markers 
Place the marker on the dorsum of the foot directly over the head of the second 
metatarsal if the foot is straight, or on the line at right angles to, and through the 
mid-point of the bimalleolar axis.  
PHYS 
2.7 Calcaneal Markers 
Using the metal gauge, check the height of fore foot marker above the ground. 
Place the rear one is at the same height above the ground (or at the same height 
above the plantar surface of the heel if the heel doesn’t touch the ground). Put 
in approximate alignment with the forefoot marker and middle of the ankle 
joint. Initially do not stick the marker down with the edges of the tape, just the 
centre. First check the alignment of the forefoot marker, ankle joint and 
calcaneal markers using the alignment board. Adjust the calcaneal position by 
pulling the edges of the fixing tape one way or the other, and then securing. 
PHYS 
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2.8 Knee Alignment Devices 
Place the feet of the KAD over the points marked when palpating the knee joint 
axis, making sure that the marks lie at the centre of the feet. Apply the inside 
rest first, let the bar lean on the calf, and then apply outside rest.  
If there is excessive anterior movement of the skin over the boney point as the 
KAD is applied, compensate for this by moving the feet posteriorly. Align the 
three perpendicular markers approximately so that one points horizontally 
forwards and one vertically down. 
PHYS 
2.9 Following removal of the KAD at the end of the static trial, a knee marker is 
placed in the same lateral position on the outer aspect of the knee as the lateral 
foot of the KAD and the heel marker is removed. Marker positions are marked 
with the soft pencil. 
 
PHYS 
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Table A5.1 Results of Simple Phasic Parameter 
Method
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Table A5.1 Results of Simple Phasic Parameter Method 
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 Movement Analysis Service (ORLAU) 
 
Child/Carer Questionnaire 
 
If you have attended ORLAU previously you will not need to fill in all the PARTs, please 
read the instructions at the start of each part 
 
Office Use Only Hosp. No.  
 
Part A. General Information 
 
Please complete 
Today’s Date    
 
Yes No I would be able to accept a short notice appointment if  
one was available.   
 
Patient 
Surname  
Forename  
Date of Birth 
 Female  Male  
Address 
 
 
 
 
Telephone No.   
DIAGNOSIS 
 
 
 Date of onset  
Patient’s Parents (or Guardians) 
Surname  Surname  
Forename  Forename  
Relationship to child 
 
 
Relationship to child 
Address 
 
 
 
Address 
Telephone No.  Telephone No.  
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Part B. Professionals involved in child’s care 
 
 
Please complete 
 
General Practitioner  Office Use 
Name   Date of 
Contact 
 
Date of 
Response 
Address 
 
 
 
 
 
Telephone    
 
Orthopaedic Surgeon  Office Use 
Name   Date of 
Contact 
 
Date of 
Response 
Address of Hospital 
 
 
 
 
 
Your address when 
you saw this doctor 
if different from 
your present address 
   
Does your child still see this doctor? Yes  No    
 
Community Paediatrician/School Doctor  Office Use 
Name   Date of 
Contact 
 
Date of 
Response 
Address of Hospital 
 
 
 
 
 
Your address when 
you saw this doctor 
if different from 
your present address 
   
Does your child still see this doctor? Yes  No    
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 Part B. Professionals involved in child’s care 
 
Hospital Paediatrician  Office Use 
Name   Date of 
Contact 
 
Date of 
Response 
Address of Hospital 
 
 
 
 
Your address when 
you saw this doctor 
if different from 
your present address 
   
Does your child still see this doctor? Yes  No    
Paediatric Neurologist  Office Use 
Name   Date of 
Contact 
 Address of Hospital 
 
 
 
Date of 
Response 
Your address when 
you saw this doctor 
if different from 
your present address 
   
Does your child still see this doctor? Yes  No    
Physiotherapist  Office Use 
Name   Date of 
Contact 
 
Date of 
Response 
Address of Hospital or Base 
 
 
 
 
Telephone    
Other healthcare professionals 
Has your child ever seen an occupational therapist? Yes No  
Has your child ever seen a speech therapist? Yes No  
Has your child ever seen an educational psychologist? Yes No  
Education 
Present School  
Address  
Type of School   Mainstream  Special education  
Has your child been statemented/recorded? Yes  No  
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Part C 
 
If you have previously attended ORLAU you do not need to complete this section 
Pregnancy & Birth 
Were you unwell during your pregnancy? (e.g. flu like 
symptoms /bleeding etc.) 
 
 
If yes, please give details 
 
 
 
Did you have any investigations during pregnancy – e.g. scans 
or complicated blood tests? 
 
Please give details 
 
 
Did you have any complications during pregnancy – e.g. 
premature labour or high blood pressure/ toxaemia? 
 
Please give details 
 
 
Was your child born in hospital? 
Please give details 
 
 
Did you take any medication, drugs, alcohol, tobacco during 
pregnancy? 
 
If yes, please give details. 
 
 
 
 
 
Was your child born at the right time? 
Yes No
Yes No
Yes No
Yes No
Yes No
If No please give details e.g. premature/overdue and by how much? 
 
 
Was the labour unusually long (over 24 hrs)?  
If yes please give details 
 
 
 
 
Yes No
Yes No
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Pregnancy & Birth cont. 
Were there any problems during labour (e.g. shortage of 
oxygen etc.) 
 
If yes please give details 
 
 
 
What was the type of delivery? 
 
Normal 
Breech 
Forceps  
Ventouse (suction) 
Planned caesarean 
Emergency caesarean 
 
 
Please give details (especially  reason for caesarian) 
 
 
 
 
Was your child 
a single baby 
one of twins  
one of triplets? 
Other? 
 
 
 
 
 
 
What was your child’s birth weight? 
Was your child well at birth (e.g. did he/she require  
resuscitation) 
Please give details 
 
 
 
 
Did your child go to the special care baby unit (SCBU)? 
Yes No
Yes No
Yes No
Yes No
Yes No
Yes No
Yes No
Yes No
Yes No
Yes No
Yes No
Yes No
Were there any problems with breathing around the time  
of birth?  
Please give details 
 
 
If your child was on a breathing machine (ventilator) how long was this for? 
Yes No
Yes No
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Pregnancy/Birth cont. 
Were there any other major problems shortly after birth? (e.g.  
bleeding into brain, seizures, hydrocephalus, infection) 
Please give details 
 
 
 
How old was your baby when he/she went home from hospital? 
Have you had any previous miscarriages, still births or early  
infant deaths 
Please give details 
 
 
 
 
Yes No
Yes No
 
Part D 
 
If you have previously attended for Gait assessment please complete ANY 
QUESTION where your answers are different 
 
Diagnosis 
How old was your child when you first noticed a problem?  
How would you describe what you noticed 
 
 
 
 
How old was your child when you first talked to a doctor 
about the problem(s) you noticed? 
 
How old was your child when his/her disability was 
diagnosed? 
 
What diagnosis was given? 
 
 
 
Yrs Mths
Yrs Mths
Yrs Mths
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Past Medical History 
Has your child had any other serious illnesses/ or operations? 
If Yes please give details 
 
 
 
Has your child had a serious head injury? 
If Yes please give details 
 
 
 
Has your child ever had any seizures (fits or convulsions)? 
If Yes please give details 
 
 
 
Does your child have seizures now (fits, convulsions)? 
If Yes please give details (including medication) 
 
 
 
Treatment and Operations 
Has your child had any injections of the following to assist walking? 
Baclofen 
Botox 
If Yes please give details 
 
 
Has your child had any surgery?  
If yes, please list surgical operations that your child has had 
to date: 
Operation 
 
 
Approx. Date 
  
  
  
  
Yes No
Yes No
Yes No
Yes No
Yes No
Yes No
Yes No
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Investigations 
Has your child had any of the following special investigations/tests: 
Brain  or spinal Scan Yes  No  Date  
Chromosomal/genetic tests Yes  No  Date  
Recent X-Ray Yes  No  Date  
Other Yes  No  Date  
If yes to any of the above please give details. 
 
 
 
Part E 
If you have previously attended ORLAU you do not need to complete this section 
Development 
How old was your child when he/she could  
Roll over from back to front Yrs  Mths  
Sit alone without support Yrs  Mths  
Commando crawl Yrs  Mths  
Proper Crawl Yrs  Mths  
Bottom shuffle Yrs  Mths  
Pull to stand Yrs  Mths  
Walk around furniture Yrs  Mths  
Walk by themselves Yrs  Mths  
Did your child need any aids (leg splints,) to in order to start 
walking? 
If yes, please give details 
 
Did your child need any walking aids (rollator, crutches) to 
in order to start walking? 
If yes, please give details 
 
 
 
 
Were you concerned about your child’s hand/arm function?  
Please give details 
 
 
 
 
Yes No
Yes No
Yes No
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Development 
Does your child have any speech difficulties?  
If Yes please give details 
 
 
 
 
Does your child have learning difficulties?  
If Yes please give details 
 
 
 
 
Yes No
Yes No
 
Part F 
If you have previously attended for Gait assessment please complete ANY 
QUESTION where there have been changes      
 
Family History 
Mother’s age at child’s birth? Yrs
Mother’s occupation 
Father’s age at child’s birth? Yrs
Father’s occupation 
Does either parent have a significant medical condition? 
If Yes please give details 
 
 
 
Does either parent or other relative have a problem with  
walking? 
If Yes please give details 
 
 
Is there any inherited/genetic condition recognised in either  
side of your child’s family? 
If Yes please give details 
 
 
 
Yes No
Yes No
Yes No
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Brothers/Sisters 
Does your child have any brothers or sisters? 
If yes please list brothers/sisters and half brothers/sisters with their ages. 
Full brothers/sisters Age Half brothers/sisters Age 
 
 
 
 
 
 
Please give details of any significant medical problems with any of the above 
 
 
 
 
 
Yes No
 
Part G 
 
Present Status 
 
What are your child’s major problems at present?  Please describe 
 
Does your child use any walking aids now? 
sticks 
crutches 
rollator 
other 
 
Please give details 
 
 
 
 
Does your child normally wear any of the following? 
Walking splints (AFO’s) 
Specially adapted shoes 
Night splints 
 
Please give details 
 
Yes No
Yes No
Yes No
Yes No
Yes No
Yes No
Yes No
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Present Status 
Has your child ever used splints or walking aids in the past?  
Please give details of why they no longer use them. 
 
 
 
 
How far can your child walk without stopping/falling?  
 Distance able to walk 
 0-10 meters 10 – 100 meters More than 100 meters 
Without walking aids    
With walking aids    
What prevents your child from walking any further? 
 
 
 
 
 
Do you think your childs walking is 
Getting better 
staying unchanged 
getting worse 
 
Please give details 
 
 
 
Does your child use a wheelchair?  
Please give details of when, where and how often it is used. 
 
 
 
Yes No
Yes No
Yes No
Yes No
Yes No
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Independence 
Does you child need help from you or another person to:  
Walk Yes  No  
Get out of a chair Yes  No  
Get in/out of a bath Yes  No  
Feed Yes  No  
Dress/undress, zips & buttons Yes  No  
Get in/out of wheelchair Yes  No  
Transfers e.g. bed/toilet Yes  No  
 
If Yes to any of the above please give details 
 
 
 
 
 
Does your child climb stairs: 
One foot per step 
Two feet per step 
 
Does your child use hand rails for stairs?  
Does your child have an assistant at school?  
If Yes what help does your child receive? 
 
 
 
 
 
Yes No
Yes No
Yes No
Yes No
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Leisure Activities 
Describe your child’s main leisure activities (hobbies) at present (eg sports, 
computers, clubs) 
 
 
 
 
 
 
 
Current Medication 
Is your child on any medication now? 
If yes, please give details 
 
Present Physiotherapy 
Does your child see a physiotherapist?  
How often does you child see the physiotherapist?  
How often do you see the physiotherapist?  
Where does your child see the physiotherapist? 
 
 
 
 
 
Do you or someone else assist your child to carry out regular 
therapy? 
 
Please give details: 
 
 
 
 
 
Does your child have any additional therapy input?  
Please give details (e.g. Conductive education, bobath, bibic, horse riding) 
 
 
 
 
 
 
 
Yes No
Yes No
Yes No
Yes No
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Part H 
 
Your Expectations 
What do you think is the purpose of your child’s visit to ORLAU? 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Thank you for your help in filling in this questionnaire, it will be of great use 
to us in assessing your child. Please do not worry if you cannot answer all of 
the questions. Please return the form to us anyway. 
 282
 
Appendix 7.2 
Slope Formulae 
 
4th Order Polynominal    01
2
2
3
3
4
4 atatatatax ++++=
 
Equation 1 
01
2
2
3
3
4
42 24816 ahahahahax +−+−=−  
Equation 2 
01
2
2
3
3
4
1 ahahahahax a +−+−=−  
Equation 3 
00 ax =  
Equation 4 
01
2
2
3
3
4
42 24816 ahahahahax ++++=  
Equation 5 
01
2
2
3
3
4
41 ahahahahax ++++=  
 
Subtract  Equation 4 from Equation 1 
hahaxx 1
3
322 416 +=− −  ----Equation 6 
 
Subtract  equation 5 from Equation 2 
 
hahaxx 1
3
311 22 +=− −  
 
At time t = 0 1adt
dx =  
 
Multiply Equation 7 by 8 and subtract equation 6 
 
haxxxx 12211 1288 =+−− −−  
 
h
xxxxa
12
88 2112
1
−+−= −− -------Equation 9 
 
Substituting Equation 9 in Equation 7 
 
⎟⎠
⎞⎜⎝
⎛ −+−+=− −−− h
xxxxhhaxx
12
8822 21123311  
 
63
4
3
4
6
2 21123311
xxxxhaxx −+−+=− −−−  
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Multiply by 6 
 
21123311 881266 xxxxhaxx −+−+=− −−−  
 
3
2211
12
22 a
h
xxxx =−+− −− -------Equation 10 
 
Add Equation 2 and Equation 5 
 
0
2
2
4
411 222 ahahaxx ++=+− ---------Equation 11 
 
Add Equation 1 and Equation 4 
 
0
2
2
4
422 2832 ahahaxx ++=+− ----------Equation 12 
 
Multiply Equation 11 by 4 
 
0
2
2
4
411 88844 ahahaxx ++=+− --------Equation 13 
 
Subtract Equation 13 from equation 12 
 
0
4
41122 62444 ahaxxxx −=−−+ −−  
 
44
01122
24
644 a
h
xxxxx =+−−+ −− -------Equation 14 
 
Substituting in Equation 11 
 
0
2
24
011224
11 2224
644
2 aha
h
xxxxx
hxx ++⎟⎠
⎞⎜⎝
⎛ +−−+=+ −−−  
 
 
0
2
2
01122
11 222331212
ahaxxxxxxx +++−−+=+ −−−  
 
Mutiply by 12 
 
0
2
20112211 24246441212 xhaxxxxxxx +++−−+=+ −−−  
 
 
22
02211
24
301616 a
h
xxxxx =+−−+ −−  
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01
2
2
3
3
4
4 atatatatax ++++=  
 
h
xxxxa
12
88 2112
1
−+−= −−  
 
2
02211
2 24
301616
h
xxxxxa +−−+= −−  
 
h
xxxxa
12
22 2211
3
−− −+−=  
 
4
01122
4 24
644
h
xxxxxa +−−+= −−  
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CP 
Subject Gender 
Mean 
Speed 
Normal 
Subject Gender 
Mean 
Speed 
CP13 F 770  TD 1 F 1282.99 
CP23 F 525  TD 2 F 1409.98 
CP25 F 500  TD 5 F 1129.38 
CP26 F 785  TD 6 F 1364.86 
CP27 F 1070  TD 7 F 1439.40 
CP28 F 635  TD 11 F 1348.29 
CP29 F 955  TD 13 F 1498.53 
CP30 F 1200  TD 14 F 1390.95 
CP31 F 990  TD 17 F 1279.46 
CP8 F 670  TD 20 F 1230.09 
CP1 M 665  TD 3 M 1574.83 
CP11 M 535 TD 4 M 1127.03 
CP18 M 955  TD 8 M 1190.74 
CP19 M 1310  TD 9 M 1030.53 
CP21 M 1180  TD 10 M 1783.80 
CP22 M 1045  TD 12 M 1135.05 
CP3 M 835  TD 15 M 1201.13 
CP5 M 1020  TD 16 M 1294.27 
CP6 M 185  TD 18 M 1299.56 
CP7 M 420  TD 19 M 1423.12 
 
 
Table showing the average speed for each subject 
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Type
RANK of 
halantip 
CP TD
0.000
10.000
20.000
30.000
40.000
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
CP21CP30
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
 TD 14 TD 12
 TD 17 TD 19
A  TD 20
A
A
A
ACP13
 TD 5 TD 9
 TD 15
A
A
CP5CP7
CP213
CP3126
CP22
CP3CP29
CP6CP19
CP27
CP28CP11
CP18
CP25
CP8
 TD 1 TD 11
 TD 63
Figure A9.1 
Scatterplot of CP and 
normal(TD) subjects  
 TD 16
 TD 13
 TD 4 TD 8
when ranked by  
 TD 18 Hip/Ankle antiphase 
 TD2
 TD 7 TD 10
10.00 20.00 30.00 40.00 50.00 60.00 70.00
harantip
20.00
30.00
40.00
50.00
60.00
70.00
80.00
halantip 
Type 
CP 
Normal 
Figure A9.2 
A scatterplot of left Hip/ 
Ankle antiphase against  
right Hip/Ankle antiphase  
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Details for surgeries of multi-level subjects 
 
ML 38 
Left femoral derotation osteotomy, left tibial osteotomy, left plantarflexor release, left 
psoas release, bilateral rectus remoris transfers 
ML 55 
Left femoral derotation osteotomy, bilateral psoas releases, bilateral plantarflexor releases, 
bilateral calcaneal lengthenings, left adductor release, bilateral rectus  
Femoris transfers 
ML59 
Bilateral plantarflexor releases, left sub-talar athrodesis, bilateral psoas releases , bilateral 
rectus femoris transfers, and bilateral hamstring releases 
ML61  
Bilateral femoral derotation osteotomies, right plantarflexor release, bilateral psoas 
releases, bilateral hamstring releases and bilateral rectus femoris transfers 
ML62  
Right psoas release, right plantarflexor release, right tibialis posterior release, right 
plantarflexor release, right sub-talar arthrodesis, right split tibialis anterior transfer. 
ML63  
Left femoral derotation osteotomy, bilateral sub-talar arthrodesis, bilateral adductor 
releases, bilateral psoas releases, bilateral rectus femoris transfers and bilateral hamstring 
releases. 
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MLS Pre-Op MLS Post-Op 
Mean Std Range CoV Mean Std Range CoV 
DHKIPESt 0.5 4.2 12.8 11.2 2.5 5.2 14.8 47.7
DHKIPESw 0.4 3.6 10.8 11.3 0.3 3.7 10 7.2
DHKIPF 0.4 4.7 11.2 8.4 0.3 4.4 12 7.5
DHS -0.2 2.6 6.4 -7.6 -2.9 3.6 9.2 -80.9
DHKTS -1.7 8.2 24.4 -20.4 -4.3 5.4 13.2 -79.0
DHKANTIP 0.1 10.5 26.8 0.6 1.1 5.1 14.4 21.0
DKAIPESt 2.5 5.3 14.0 46.6 2.5 3.2 8.8 78.3
DKAIPESw 1.9 4.1 11.6 46.1 2.1 3.2 8.0 67.2
DKAIPF 5.7 5.3 13.6 107.1 3.3 5.2 14.0 64.6
DKS -0.7 6.5 20.0 -11.3 -0.9 4.7 13.6 -18.5
DKATS -1.5 5.4 14.0 -27.4 -5.7 6.7 15.2 -86.1
DKANTIP -8.9 11.5 31.6 -77.3 -2.2 12.2 30.8 -18.1
DHAIPESt -0.8 7.4 20.8 -10.8 1.7 4.4 12.8 37.6
DHAIPESw 0.1 2.1 6.0 3.1 0.9 1.9 5.2 50.4
DHAIPF -2.5 4.4 12.8 -55.8 -0.5 3.1 8.0 -14.9
DAS -1.1 5.2 12.8 -20.6 -5.5 7.3 18.8 -76.0
DHATS -1.3 4.5 10.8 -29.9 -8.2 7.0 16.8 -117.2
DHANTIP 4.5 8.9 22.0 50.4 5.8 10.8 30.4 53.6
 
 
Table 11.8 Differences between Rand L phasic parameters of MLS subjects before and 
after surgery
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SDR Pre-Op SDR Post-Op 
Mean Std Range CoV Mean Std Range CoV 
DHKIPESt -0.4 7.1 18.0 -5.7 0.3 4.8 13.2 6.9
DHKIPESw -0.9 2.6 6.8 -32.9 -2.0 2.8 8.0 -71.0
DHKIPF -0.9 2.8 7.2 -30.6 0.0 2.9 7.6 0.0
DHS 0.3 4.5 13.6 7.5 -6.0 16.1 40.4 -37.3
DHKTS -0.9 3.4 9.2 -27.1 2.1 1.9 4.8 108.8
DHKANTIP 2.9 6.7 17.6 43.7 -0.3 5.8 14.4 -4.6
DKAIPESt -3.1 8.2 22.0 -38.4 2.6 8.2 20.4 31.8
DKAIPESw 0.9 1.7 4.8 50.8 0.0 2.0 4.8 0.0
DKAIPF -2.1 4.9 14.4 -42.4 -0.3 2.4 6.8 -14.1
DKS -1.1 1.5 4.0 -77.5 0.5 2.2 6.8 23.9
DKATS 0.7 5.2 14.8 12.9 -0.9 5.4 14.8 -17.1
DKANTIP 3.3 7.2 15.2 45.6 -0.9 10.4 26.4 -8.4
DHAIPESt -5.3 7.3 19.2 -73.4 3.4 11.8 30.0 28.8
DHAIPESw -0.7 1.4 3.6 -48.4 -1.0 2.2 6.0 -46.3
DHAIPF -1.7 4.1 11.2 -41.1 0.3 4.8 13.2 7.0
DAS 1.9 5.6 14.8 33.6 -1.2 4.5 12.4 -26.4
DHATS 4.7 4.3 14.0 110.7 0.3 5.4 14.0 4.9
DHANTIP 2.9 4.6 12.8 62.5 -3.0 11.8 30.0 -25.5
 
 
Table 11.9 Differences between Rand L phasic parameters of SDR subjects before and 
after surgery 
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